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ABSTRACT
Application parameters: flow rate, target distance, film thickness, and dehydration 
oven temperature were investigated in relation to automotive waterborne basecoat 
popping. The study was conducted in three phases using melamine cross-linked acrylic 
latex basecoat and acrylic acid/epoxy clear coat. All experiments were conducted at the 
Automotive Research and Development Centre in Windsor, Ontario, Canada. First, a 
relationship among tip speed, flow rate, and film thickness was established, which was 
used later to set constant film thickness. The Phase-1 study indicates that flow rate and 
target distance are not significant in relation to popping. A complementary analysis 
indicates that film thickness significantly affects popping. Film thickness was also found 
significant in relation to popping from the Phase-2 study. The Phase-3 study indicates 
that dehydration oven temperature and film thickness significantly affects popping. 
Although this study identified the factors causing waterborne basecoat popping, 
conditions for a pop-free paint surface were not achieved.
iv
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NOMENCLATURE
Several designs of experiments and statistical procedures were used to analyze the data in 
this study. In this section these statistical procedures as well as design of experiments are 
described briefly.
Graphical Summary is a unique feature of MINITAB release 14 that depicts the 
basic statistics of a response variable. It includes four graphs: a histogram of data with an 
overlaid normal curve, a box plot, the 95% confidence interval for the mean and the 95% 
confidence interval for the median. It also includes Anderson-Darling normality test 
statistics and descriptive statistics. The histogram of data with overlaid normal curve 
represents the distribution of data whereas the box plot helps identifying outliers in the 
data. Descriptive statistics, especially skewness and kurtosis, are two important measures 
of the normality of the data.
Anderson-Darling Normality Test is a feature that indicates whether the 
response data are normally distributed or not. The test statistic is known as the Anderson- 
Darling coefficient (A2). Another test statistic often used by MINITAB release 14 in 
conjunction with the A2 value is the p-value. As a rule of thumb, among several 
distribution considered, the distribution with the smallest A2 value and the highest p- 
value should be chosen as the best distribution (MINITAB, 2006). The two-sample t-test 
is a hypothesis test used to determine the difference in two population means. The two 
populations must be independent to conduct a two-sample t-test. If the two populations 
are dependent, then a paired t-test should be used instead of a two-sample t-test.
Analysis of variance (ANOVA) tests the hypothesis that the means of two or 
more populations are equal. ANOVAs determine the importance of one or more factors
xii
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by comparing the means of the response variable at different factor levels. There should 
be a continuous response variable and at least one independent variable with two or more 
levels to run an ANOVA. If a variable is found significant in ANOVA, multiple 
comparison tests can be employed to further identify the levels of the factor that are 
different. ANOVA is available in many forms of which the one-way ANOVA, two-way 
ANOVA, and general linear model were utilized in this study. In a one-way ANOVA, 
experiments are carried out at different predetermined levels of one independent variable. 
The number of observations per level can be either equal or unequal. In a two-way 
ANOVA, two independent variables at fixed levels are investigated and the experimental 
design must be balanced. The General linear model (GLM) may contain any number of 
fixed or random variables. The GLM allows unbalanced design and covariate analysis.
The test statistic used in ANOVA is known as “F-test”. The statistic is flexible to 
the normality assumption. If the calculated F statistics for a variable is greater than the 
tabulated F statistic, it is said to vary significantly with the response variable. Tabulated 
values of F at different degrees of freedom are available in any statistics book. Another 
criterion for selecting the variable that causes the variation in the response is known as 
the “p-value”. The p-value is the probability of obtaining a test statistic that is at least as 
extreme as the actual calculated value, if the null hypothesis is true. If the p-value for a 
factor is found to be less than the specified level of significance, the factor has significant 
effect on the response.
Regression analysis is similar to ANOVA in the sense that both analyses 
determine the significant factors in relation to the response variable. However, regression 
analysis is a bit different from ANOVA as it determines a functional relationship among
xiii
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the factors and the response in addition to predicting the significance. Several forms of 
regression analysis are available in statistics. Coefficient of determination, also known as
•y
R value, indicates how much variation the model explains in the response. The higher 
the R2 value, the better the model fit the data. However, use of the R2 value has some 
inherent shortcomings. It cannot determine the goodness of fit of the model. For example, 
if one adds factors to a model, irrespective of their significance, the R value will go up. 
Therefore, another statistic was introduced which is known as the adjusted R value. 
The adjusted R value is calculated using the following
equation: Adjusted R 2 = l - ( l - i ? 2)—- —— , where “R2” is the coefficient of
n - k - l
determination, “n” is the total number of observations, and “k” denotes the number of 
independent variables. The adjusted R2 value does not increase with the inclusion of new 
factors unless these factors improve the model.
Adding center points to a factorial design allows the experimenter to detect 
curvature in the fitted data. A three-level full factorial design can also detect curvature in 
the fitted data. However, it requires a comparatively higher number of experiments. 
Design with center points is superior over three level factorial designs, as it requires 
fewer runs to detect curvature in the model. Therefore, it is recommended to use a two- 
level full factorial design augmented with center points to a three-level full factorial 
design (Montgomery, 2005). Adding center points to a two-level factorial design allows 
obtaining an estimate o f  pure experimental error. Thus, the residual sum o f  square can be 
partitioned into two components: sum of square due to pure error and sum of square due 
to the lack-of-f!t. In regression analysis and design of experiments, the lack-of-fit tests 
assess the fit of a model. A p-value for the lack-of-fit test, less than the level of
xiv
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significance “of’, indicates that sufficient evidence exists that the model does not 
accurately fit the data. Thus, it suggests whether a fitted model accurately describes the 
response or whether more terms (i.e. square or interaction terms) should be added to 
attain a better fit (MINITAB, 2006).
F-statistics used for analysis of variances are based on the assumption that the 
data are normally distributed. Although F-statistics are not affected by a slight deviation 
from the normal distribution, any gross deviation must be dealt with carefully. After 
analyzing the factors using F-statistics, it is important to test the adequacy of the fitted 
model. Residual analysis is an effective tool to test the adequacy of the model. Several 
residual analysis procedures can be used to test the adequacy criteria. If the underlying 
error distribution is normal, a plot of the residuals versus fitted value should not reveal 
any obvious pattern and a normal probability plot of the residuals should resemble a 
straight line (Montgomery, 2005).
xv
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CHAPTER 1: INTRODUCTION
1.1 Automotive Coatings: New Trends and Environmental Protection
While vehicle operation generates the major portion of environmental burdens in 
terms of air and water pollutants among different automobile life stages, auto 
manufacturing industries are also responsible for the emission of considerable amount of 
air pollutants, especially volatile organic compounds (VOCs) and hazardous air 
pollutants (HAPs). The primary source of air pollutants and hazardous wastes from 
vehicle assembly is the automotive paint shop. Over eighty percent of the environmental 
burden associated with auto-manufacturing is generated from paint shops and paint shop 
related activities (Lowell et al, 1993). Therefore, the main challenge for auto­
manufacturing industries is to balance environmental issues, cost, and customer demands.
Automotive painting is a complex, multistage, and energy intensive process. It 
consists of up to six subsequent layers of coatings to meet different performance criteria 
such as corrosion protection, durability, color, and appearance. These coating layers are 
zinc coating, phosphate pretreatment, electro-coat primer, full body anti-chip, basecoat, 
and clear coat. First, the raw car body goes through a water-based pretreatment process 
comprising of a number of dip and rinse stages. Next, zinc coating and phosphate 
treatment are performed before application of the primer. The pretreated car body is then 
coated with electro-coat primer for corrosion protection. Before applying color coat, full 
body anti-chip coating is applied over the car body. In the next stage, color coat 
(basecoat) is sprayed over the anti-chip layer. Basecoat can be either solvent borne or 
waterborne. Solvent borne paint has a shorter flash-off time whereas waterborne basecoat
1
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requires a longer time to evaporate the solvent at an elevated temperature. Therefore, an 
additional unit operation, known as dehydration, is required to introduce waterborne 
basecoat in paint shops. The dehydration oven allows evaporating the liquid portion of 
the applied paint at an elevated temperature. Finally, clear coat is applied over the 
basecoat to protect subsequent coating layers from weathering.
The automotive paint process generates a considerable amount of VOCs and 
HAPs. Emissions from automobile industries have reduced consistently due to stringent 
regulations. Most automotive industries achieved the goal by incorporating end-of-pipe 
technologies rather than substituting lower VOC solvents in the manufacturing process. 
However, this trend is changing. Automobile manufacturers are putting more attention 
and effort to improve the manufacturing process. Some manufacturers have shifted from 
solvent borne basecoat process to waterborne process (Praschan, 1994).
The dehydration phase is a unique feature of waterborne basecoat. Unlike solvent 
borne coating, waterborne basecoat is more prone to surface imperfections which makes 
less attractive to manufacturers for introducing it in the paint shops. The most common 
surface imperfection found in waterborne basecoat application is pin-holing or popping. 
Many researchers have studied the popping phenomena to elucidate the actual causes of 
popping. A study by Tardiff et al (2002) suggested that the formation of skin over a paint 
surface during the dehydration process is responsible for popping. According to the 
study, a skin forms over the paint surface after latex particles coalesce and water is 
trapped under the skin. During the curing process, the trapped water boils and penetrates 
through the skin leaving behind the trace of blisters on the surface.
2
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The work by Watson and Wicks (1983) identified a true correlation between 
popping and film thickness (Watson and Wicks, 1983). Recent work by Prendi, (2005) 
has identified that paint application parameters: flow rate and target distance are 
responsible for popping. However, this study could not explicitly distinguish whether 
popping occurs because of these application parameters or if it is a film thickness effect. 
Lack of agreement suggests that the phenomenon is still poorly understood.
1.2 Objectives
The focus of this research work is to further investigate the popping phenomenon in 
waterborne basecoats. Several factors were investigated in relation to popping after an 
extensive literature review of the problem. The entire work is divided into three distinct 
phases:
• Phase-1: Investigation of application parameters
• Phase-2: Investigation of film thickness
• Phase-3: Investigation of dehydration oven temperature
Phase-1: Investigation of Application Parameters
In Phase-1, two application parameters: paint flow rate and target distance from 
the applicator tip to the test panel, were investigated in relation to popping while keeping 
film thickness and dehydration oven temperature constant at pre-determined levels. It is 
notable that some preliminary experiments were conducted to identify conditions for 
constant film thickness. In addition, trial and error experiments were conducted to 
identify the minimum film thickness at which popping can be simulated in test panels at 
factory default conditions.
3
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Phase-2: Investigation of Film Thickness
In Phase-2, film thickness was investigated in relation to popping while keeping 
application parameters and dehydration oven temperature at desired values. If application 
parameters were found significant in Phase-1, the settings likely to cause popping from 
Phase-1 would be used as the desired application parameters in Phase-2. Dehydration 
oven temperature was kept the same as Phase-1.
Phase 3: Investigation of Dehydration Oven Temperature
In Phase-3, dehydration oven temperature was investigated in relation to popping 
while keeping application parameters and film thickness constant at the desired levels. 
The setting of film thickness most likely to cause popping from Phase-2 was used as the 
constant film thickness. If it was not found significant, the setting would be kept the same 
as Phase-1.
4
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CHAPTER 2: LITERATURE REVIEW
Waterborne latex paint is a colloidal dispersion of polymer particles in aqueous 
solution. Waterborne coatings are gaining popularity over solvent borne coatings for their 
environmentally friendly nature. Auto manufacturers, especially in North America and 
Europe, are therefore shifting from solvent borne processes to waterborne processes. 
However, some defects such as popping are of concerns. In this chapter, previous works 
on latex film formation and popping in waterborne paint are discussed. First, previous 
works on dehydration behavior of polymer latex films and latex film formation are 
discussed.
Many researchers have investigated the causes of popping and other waterborne 
paint defects as well as the dehydration behavior of polymer latex films. Vanderhoff et al 
(1973) described the film formation mechanism of latex paint as a three-stage process. 
The first stage is evaporation controlled where constant water loss takes place as long as 
sufficient water exists to maintain some separation of latex particles. Vanderhoff et al 
(1973) and Sheetz (1965) found that the rate of evaporation of water from the latex paint 
was almost the same as that from pure water. The evaporation stage continues until 
polymers reach approximately 60-70 % of the total volume. At this time, the surface area 
of the liquid-solid interface starts decreasing because of solid film formation. Loss of 
water, in this stage, allows latex particles to move closer to each other. The second stage 
starts when latex particles come into irreversible contact with each other and deform. The 
rate of evaporation per unit area of open wet latex remains the same; however, the overall 
rate of evaporation decreases greatly during this stage. It is assumed that a significant
5
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portion of water escapes through coalescing regions of the film. The third stage occurs 
when entire film surface closes and water loss can only take place by diffusion through 
the coalesced latex. In this stage, soft latex particles become compact and achieve 
mechanical properties as polymer chain inter-diffusion occurs (Vanderhoff et al, 1973).
Croll (1986) proposed a new model for drying of latex paint. Unlike previous 
researchers, he described the drying as a two-stage process. Croll (1986) proposed that 
fertilizer, wood, and latex films are all porous materials; thus, their drying process should 
be similar. He characterized the first stage of drying as a continuous rate period that 
governed the evaporation of water. An evaporation front moves into the coating leaving 
behind a dry layer. Evaporation is dictated by the ambient atmospheric condition and 
coating temperature during the first stage of drying. The second stage, known as the 
falling rate period, starts when water supply to the evaporation front decreases and the 
transition layer ahead of it first encounters the substrate (coated surface). According to 
Croll (1986), second stage drying is not diffusion controlled; rather, it is governed by 
inter-particle percolation. He assumed that the dry outer layer was porous enough to 
allow water to escape by inter-particle percolation.
Dissadot et al (1989) also supported the percolation-type drying process. The 
authors employed dielectric measurements to follow time-dependent structural changes 
of latex film formation. By measuring the conductance of the paint film, this work 
suggested that three-dimensional percolation occurs in the case of thick films during the 
final stage of drying. Eckersley and Rudin (1994) studied drying of latex film using 
gravimetry and environmental scanning electron microscopy (ESEM). This work 
supported the percolation type drying process proposed by Croll (1986). They observed
6
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skin formation over the surface before the completion of evaporation. However, they 
assumed that the skin is porous enough to allow the water flux through it by inter-particle 
percolation. Yang et al (2001) also investigated the film formation mechanisms of mono- 
disperse (i.e. a colloidal system in which all particles are of nearly the same size) latex at 
high temperature. They supported Croll’s (1986) model of drying. According to this 
study, water evaporation is less influenced at the beginning of drying even after a skin 
forms at the air/dispersion interface. They reported that many holes and cracks exist 
within the skin that permit water to move through it.
Another notable study on drying of latex paint was conducted by Keddie et al 
(1995). They used ellipsometry and ESEM to investigate the drying behavior. This study 
proposed that drying of latex paint is a four-stage process rather than a three-stage or 
two-stage process. This work explained the effect of glass transition temperature (Tg) on 
the drying process. Glass transition temperature is the temperature at which liquid latex 
changes to an amorphous or glassy solid. Authors of this work suggested that an 
intermediate stage exists at a drying temperature close to Tg. It was assumed that 
sufficient voids allow water to evaporate (through these voids) during this intermediate 
stage. The work also suggested that evaporation of water is the rate-limiting step when 
drying temperature is above the glass transition temperature whereas the deformation of 
latex particles is the rate-limiting step when the film temperature is near the glass 
transition temperature.
The above-mentioned works assumed a drying front parallel to the film surface in 
explaining the drying mechanism. Some researchers, though, observed a lateral drying 
front in the latex film. Hwa (1962) reported lateral drying of a latex film. He observed
7
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three regions with different appearances: a central wet zone with turbid appearance, a dry 
peripheral region with optically clear appearance, and a partly cloudy zone in between. 
From this observation, he proposed that drying proceeds inward from the outer edges. 
Several researchers studied the film formation process of latex particles. Dillon et al 
(1951) first studied latex film formation and described it as a two-stage process: 
evaporation and particle deformation. Historically, surface tension of water was assumed 
as the driving force of film formation. Later, other concepts evolved from different 
studies. Dillon et al (1951) reported polymer surface tension as the driving force. 
However, it is worth noting that he did the work using diluted latex. Brown (1956) first 
proposed capillary pressure as the driving force of film formation. He postulated that at 
temperatures above the minimum film formation temperature (MFFT), water/air surface 
tension compressed the particle packing.
Dobler et al (1992) suggested that although polymer/water interfacial tension 
alone can drive latex to coalesce, capillary pressure from the water/air interface is the 
major driving force for film formation. Lin and Meier (1996) supported the outcome of 
Dobler’s (1992) study. They used atomic force microscopy to investigate the film 
formation mechanism. They reported that capillary pressure due to the water/air interface 
is the driving force for film formation, opposing the previous theory that the effect of 
capillary pressure on particle deformation reduces as water evaporates from the film. 
Instead, they postulated that capillary pressure remains high enough to deform particles 
even when most water has diminished through evaporation. Their work also found that 
water does not plasticize latex polymers and film formation occurs much faster in a 
water-saturated atmosphere than in dry air.
8
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Visschers et al (2001) studied the effect of relative humidity on film formation. 
They observed the same result as Lin and Meier (1996) that film formation proceeds 
faster in humid conditions. However, the work suggested that relative humidity does not 
affect capillary pressure. They also showed that film formation could occur successfully 
at a temperature just below the glass transition temperature, and that capillary pressure 
between water/air surfaces is the dominant force for film formation and the effect of 
capillary pressure from liquid bridges is less effective.
Most of the work discussed above recognized the existence of a minimum film 
formation temperature. These researchers reported that drying of the latex film below the 
minimum film formation temperature causes low strength powdery conglomerates. 
Vandezande and Rudin (1996) studied the effect of surfactant type as well as water and 
latex particle size on film formation of latex polymers. They reported that minimum film 
formation temperature increases with the increase in particle size in the case of a non­
surfactant latex blend. They showed that larger latex particles affect coalescence as they 
reduce interfacial tension between polymers and water. They also found that the drying 
rate was the same for both larger and smaller particles at up to 95% of water loss. In 
addition, they found that latex blends with larger particles dry faster than that with 
smaller particles in the later stage of the drying. However, this study could not find any 
relation between glass transition temperature and particle size. The study also suggested 
that faster coalescence causes skin formation over the surface before the film was dried. 
Unlike Lin and Meier (1996), they found that water acts as plasticizer for the latex. 
Toussaint and Wilde (1997) also studied the minimum film formation temperature in 
relation to film formation. They theoretically showed that minimum film formation
9
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temperature depends not only on particle size and modulus of the polymer, but also on 
drying conditions such as temperature, relative humidity, and air velocity. Skin formation 
during drying was also investigated by Haas et al (2000). They investigated the 
evaporation rate of polymer and sol-gel solutions during spin coating. This study 
employed interferometry to investigate changes in evaporation rate during drying and to 
determine the existence of a skin layer. This work found that the evaporation process 
continued throughout the drying stage and the evaporation rate for both polymer and sol- 
gel were close to those for the pure solvent. Although this finding is not connected to 
waterborne systems, it will help in determining the evaporation behavior of coatings.
Eaton and Willeboordse (1980) investigated evaporation behavior of organic co­
solvents in waterborne formulations. They suggested that the relative effectiveness of co­
solvent as a coalescing aid depends on partitioning of the co-solvent into the polymer 
phase. During a drying process, the relative concentration of the co-solvent in the 
aqueous phase depends on its critical relative humidity (CRH), wind speed, and 
temperature. If a co-solvent evaporates at its CRH, the concentration of co-solvent will 
not change during evaporation within the latex film. If the relative humidity is less than 
the CRH, the relative concentration of co-solvent will increase in the aqueous phase and 
thus more co-solvent will be partitioned in the latex phase. If the relative humidity is 
greater than the CRH, co-solvent in the aqueous phase will deplete and co-solvent in 
latex particles will migrate into the aqueous phase.
Geipel and Stephan (2005) investigated the drying process of automotive 
basecoat. The study was conducted for both industrial and model paint. It employed 
gravimetric and Fourier transform infrared spectroscopy (FTIR) techniques to study the
10
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drying behavior. The work investigated the effect of air temperature, humidity, and air 
velocity on film formation According to the study, the initial mass loss with time was 
linear and governed by evaporation of water from the surface. After a certain time, the 
drying rate decreased and diffusion became the rate limiting mechanism. The drying 
behavior was found to be almost similar for both industrial blend and lab-blend paints. 
The rate of evaporation depends on the air temperature during the initial drying period. 
Therefore, the constant temperature region becomes shorter for higher drying 
temperature. Higher drying temperature also increases the drying rate in the diffusion- 
limiting stage as the diffusion coefficient increases with temperature. Higher air velocity 
increases heat and mass transfer from the surface; thus increasing the overall drying rate. 
The study suggested that humidity has a negligible effect on overall drying rate. Van der 
Zanden and Goosens (2003) studied the diffusion coefficient and the sorption isotherm of 
water in paint films using experiments as well as a numerical model. The study suggested 
that the diffusion coefficient is a function of water concentration in the paint film. It also 
suggested that there are factors other than water concentration that influence the diffusion 
coefficient. However, they could not explicitly identify the factors.
Waterborne coating got its popularity in manufacturers’ automotive paint shops 
during the 1970s when the US Clean Air Act (1970) restricted the emission of volatile 
organic compounds and hazardous pollutants from manufacturing industries. 
Amendments made to the Clean Air Act in 1990 further lowered maximum emission 
standards for VOCs and HAPs from manufacturing industries (Weiss, 1997). Although 
Ford was the first auto manufacturer to introduce waterborne coating in automobile 
industries, the greatest use of this technology is found within DaimlerChrysler
11
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Corporation (Weiss, 1997). In 1994, approximately 51% of total coating produced in the 
USA was waterborne coating. Twenty-five percent of automobiles manufactured in the 
United States contain waterborne basecoat (Weiss, 1997). Although waterborne basecoat 
is environment friendly, it has the following disadvantages: high cost, tendency to pop, 
high capital costs required for upgrading circulation lines and application equipment to 
stainless steel, high water conductivity, and effects of humidity and temperature on 
evaporation rates.
Shifting from solvent borne basecoat to waterborne basecoat requires 
modification in paint shops. The long flash-off time required for waterborne basecoats 
requires additional space and time to allow sufficient dehydration before application of 
clear coat. It is difficult for the old paint shops to accommodate additional space and time 
in the production line. Therefore, much effort has been given to accelerating the flash-off 
so that waterborne basecoat can be introduced in paint shops with minor changes in the 
facility. Hot air drying, infrared dehydration, convection drying, and combinations of IR- 
Convective drying were investigated in the past as the suitable dehydration technologies 
(Blanc et al, 1997).
Two major problems associated with waterborne basecoat are sagging and 
popping. Popping is more pronounced in waterborne basecoat than in its solvent borne 
counterpart (Imai and Tsubouchi, 1980). Popping is the vigorous outward movement of 
entrapped water through the dispersion surface leaving behind the trace of blisters or 
pinholes (Schoff, 2004). This is a major challenge in paint shops, because each defected 
car body requires repainting, which increases the production cost. Therefore, many
12
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researchers in the past put their efforts in reducing popping under accelerated dehydration 
conditions.
Tardiff et al (2002) studied the combination of IR-Convective dehydration to 
reduce the flash off time to two minutes, while maintaining the standard solids 
specification. Both gentle and harsh drying conditions [38° C (100° F), 93° C (200° F)] 
were investigated. According to the study, dehydration consists of three stages: diffusion, 
evaporation, and dispersion of water in the ambient air. If the rate of evaporation is 
greater than the rate of diffusion, a skin forms over the water-air boundary layer that 
impedes evaporation of water through the surface. Trapped water comes out vigorously 
during the curing process and creates popping imperfections. The study also suggested 
that film thickness plays a role in popping. However, the relation between popping and 
film thickness was found for some paints, but not for all. They suggested that a 
dehydration process having equilibrium between diffusion and evaporation rate can 
minimize popping. Blandin et al (1987) also showed that the kinetics of drying was 
controlled by solvent diffusion through the paint and by the evaporation from the coating 
surface. The study employed a finite difference method to investigate drying of fire- 
retardant coatings. It showed that diffusivity was dependent on concentration, rate of 
evaporation and temperature. However, this study did not particularly investigate the 
phenomena in waterborne coating.
Henshaw et al (2006) investigated dehydration of waterborne basecoat. They 
employed both gentle and harsh drying conditions to investigate drying of waterborne 
basecoat using experimental data and a waterborne paint diffusion model. The model 
uses a finite difference method to simulate water concentration profiles for different
13
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
drying histories. The study found that water concentration at the surface is proportional to 
temperature. That is, at high temperature, water concentration is also high at the surface. 
Results of the study are different from what Tardiff et al (2002) found in their 
experiments. It was expected that the rate of evaporation would be high at high 
temperature and a skin would form over the surface. However, Henshaw et al (2006) 
showed that water diffused from the lower surface replaced water evaporated from the 
surface. Thus, the work did not support the skin formation theory.
Hazelwood (1998) investigated factors affecting popping using paints used for 
heavy-duty equipment. He conducted an experiment to find out the effects of convection 
and infrared oven temperature, amount of accelerator, types of activators and airflow in a 
convection oven on popping. The main goal of his experiment was to determine the 
optimum condition of the process parameters for increasing paint film thickness without 
popping. In this experiment, eight one inch by four-inch test panels were primed by 
airless sprayer and allowed to flash for six minutes. In the next step, these panels were 
coated gradually with two to nine coats of paint and then dehydrated in an infrared oven. 
Hazelwood (1998) found convection and infrared oven temperature were the most 
significant factors causing solvent pop. After manipulating oven temperatures along with 
proper accelerator level and activator type, he was able to minimize solvent pop. 
However, he did not mention whether he used waterborne coating or conventional 
solvent bome coating for this experiment. In addition, the exact operating conditions for 
minimum pop were not discussed in this study.
Imai and Tsubouchi (1980) investigated the evaporation behavior of solvents 
during the curing of coated panels and tried to correlate it with popping phenomenon.
14
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They employed some sophisticated experimental techniques such as thermo gravimetric 
analysis (TGA), differential scanning calorimetry (DSC), gas chromatography (GC), and 
dynamic spring analysis (DSA) to investigate the problem. They used polyester and 
acrylic base resins and different types of organic co-solvents to prepare nine paint 
formulations of different compositions. Primed steel panels were sprayed at a controlled 
rate with these paint formulations. Spraying was controlled to prepare specimens of 
different thickness ranging from 15 to 65 microns. Specimens were cured for 30 minutes 
at 140°C after a flash-off time of ten minutes. They evaluated the critical thickness at 
which popping occurred. They also established a relation between the activation energy 
of solvent evaporation and popping. The authors found that paint formulations with a 
marked lowering of activation energy have a tendency to pop. An abrupt change in the 
evaporation curve was observed in waterborne a system that normally does not occur in 
solvent borne systems. The abrupt change in evaporation behavior gives an indication of 
accumulation of overheated solvents in the system that causes an eruptive evaporation in 
the later stages of drying. Imai and Tsubouchi (1980) also found the occurrence of early 
surface skinning in waterborne systems that acts as a barrier against solvent diffusion 
from the bulk to the surface. Nevertheless, the authors could not explicitly relate these 
results to popping. They suggested that suitable selection of coating constituents and 
application procedures could prevent popping.
Watson and Wicks (1983) studied the effects of film thickness, glass transition 
temperature (Tg) of the acrylic copolymer (i.e. a polymer consisting of two or more 
different monomers), air entrapment, and pigments in relation to popping in waterborne 
acrylic coatings. They found a relation among film thickness, Tg, and popping. According
15
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
to their study, popping increases with the increase in film thickness. The critical film 
thickness (the maximum film thickness that did not result in popping) decreased as glass 
transition temperature of the copolymer increased. In addition, the critical film thickness 
was found to be much thinner for waterborne coatings. This study showed that the initial 
weight loss during the drying process was higher for waterborne coatings than that for 
solvent borne coatings and was independent of Tg. Nevertheless, Tg turned out to be a 
major factor at the second stage of drying. Popping also increased due to air entrapment 
but the Tg had a significant effect even when air was entrapped in the coating. The 
authors also found that popping was more pronounced in pigmented films than un- 
pigmented films. However, authors did not consider other parameters like viscosity, 
curing time, hardness, flexibility and permeability of coating in the study.
Prendi (2005) investigated popping in automotive basecoats. Earlier studies 
reported that popping increases with an increase in dehydration oven temperature. This 
study, however, investigated paint application parameters as well as dehydration oven 
temperature in relation to popping. The work employed Scanning Electron Microscopy 
(SEM) to investigate popping in waterborne basecoats. However, the film morphology 
investigated by SEM did not reveal any features related to popping. It was also found that 
popping did not occur when waterborne basecoat was applied using electrostatic rotary 
bell applicators, so conventional applicators were used in subsequent experiments. Three 
paint application parameters: flow rate, atomizing air, and target distance of the 
application tip from the test panel were investigated using full factorial design to relate 
popping with application parameters. Results showed that flow rate is significant in 
relation to popping. A second factorial design with lower experimental settings exhibited
16
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a similar result. From this study, it was confirmed that dehydration temperature is not the 
sole reason for popping; application parameters also affect popping phenomena. One 
criticism about the work is that film thickness could not be kept constant while 
conducting the experiments. Therefore, it is not clear whether the popping is related to 
application parameters or if it is just a film thickness effect.
17
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CHAPTER 3: MATERIALS AND METHODS
The purposes of this project are to investigate the effects paint application 
parameters, film thickness, and dehydration oven temperature on basecoat popping. 
Melamine cross linked acrylic latex basecoat commercially known as PPG RH (Inferno 
Red Crystal) and acrylic acid/epoxy clear coat commercially known as DCT 5555 were 
used as the basecoat and clear coat respectively in this study. Other materials and method 
used are described in the following section.
3.1 Testing Facility
The entire study was conducted at the ACRF of the Automotive Research and 
Development Centre (ARDC), Windsor, Ontario, Canada. The research center is a joint 
effort by the University of Windsor and DaimlerChrysler Canada. The ACRF is a fully 
automated multistage coating facility. The facility supports paint application processes 
close to original plant conditions and at various operating and environmental conditions. 
It can accommodate the painting of entire automobiles as normally done in automotive 
assembly plants. Figure 1 illustrates the topcoat line of the coating research facility.
At the beginning of each experiment test panels were mounted to a panel rack. 
The panel rack was then placed in a conveyor belt to move it through the process. 
Basecoat can be applied over the panels using electrostatic rotary bell applicators, non­
electrostatic applicators on robots, or both. The bell zone of the topcoat line is equipped 
with four vertical and three horizontal bell applicators arranged in a manner so that 
basecoat can be applied over the entire car body. There are three robots in the robot zone. 
The robot and bell zones are equipped with a temperature and humidity control system to
18
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set the temperature and humidity at any desired level. After basecoat application, test 
panels are allowed a specified flash off time. There is a flash off area between the 
basecoat application zone and the dehydration oven. Basecoat flash off time can be 
modified by changing the conveyor speed.
Claucoat
Manual e[ ehydration ( ven B lfcoat Ba:a Conuafa IR A sh JRt
Basecoat
Manual
Figure 1: ACRF Facility [Courtesy: ARDC]
After sufficient flash-off time, the panel rack moves through the dehydration oven 
where test panels are heated for a specified time to dry out the panels. Both dehydration 
time and temperature can be adjusted to accommodate various experimental conditions. 
There are two distinct zones in the dehydration oven: the infrared (IR) zone and the 
convection-heating zone. However, the infrared zone is no longer in use at the ACRF. 
After dehydration of the basecoat, test panels are sent to the clear-coat zone where clear- 
coat is applied using electrostatic rotary bell applicators.
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3.2 Equipment
The following equipment were used in the experiments.
1. E-coated steel panels [25.4 cm x 25.4 cm (10 in. x 10 in.) size]
2. Paint [Basecoat: Melamine cross linked acrylic latex, PPG RH (Inferno red crystal); 
acrylic acid/epoxy clear coat, DCT 5555]
3. Scale (AA-250, Denver Instrument Co.)
4. Stop watch
5. Electric oven (49D-650, Precision Quincy Corporation)
6. Elcometer [Elcometer 355, Elcometer Inc. (for film thickness measurement The 
accuracy of the measurement for this device is ±1% or ±1 pm)]
7. Plexiglas template with twenty-four 2.54 cm (1 inch) diameter equally spaced holes,
25.4 cm x 25.4 cm (10 in x 10 in) size
8. SMC e/p regulator ITV2050- X27 [for atomizing air (AA); The accuracy of the 
device is specified as ±3% full span (130.5 psi) and the repeatability as ± 0.5% full 
span (130.5 psi)]
9. AWI flow meter HP-15-SGLA with AWI fiber optic pickup FOP-30 [The accuracy of 
the flow meter is specified as ± 0.5% and the repeatability as ± 0.1%]
10. Measuring tape for distance from the applicator tip to the panel, [The accuracy of 
using this device was estimated to be ± 1 mm]
11. Aluminum foils [12.7 cm x 12.7 cm (5 in x 5 in)]
12. Cold-rolled steel panels [10.2 cm x 30.5 cm (4 in x 12 in)]
13. Basecoat applicator [EFC 501 conventional gun]
14. Viscosity measurement devices [Brookfield D V -11+ Viscometer]
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3.3 Experimental Procedures for the Preliminary Phase
Preliminary phase experiments were intended to establish a relationship among 
application parameters, tip speed, and film thickness. A previous study by Prendi (2005) 
showed that application parameters, specifically flow rate and target distance, might 
cause basecoat popping. However, film thickness was not kept constant during the study. 
Thus, it is not clear whether popping occurs because of application parameters or if it is 
simply the effect of film thickness. Therefore, the current study will examine application 
parameters in relation to popping at constant film thickness as well as constant 
dehydration oven temperature. Prendi (2005) showed that film thickness could be kept 
constant by manipulating tip speed of the applicator. Film thickness also depends on 
application parameters. Therefore, tip speed as well as application parameters: flow rate 
and target distance were varied according to the design matrix shown in Table 1 (Section 
4.1) to establish a relationship between these parameters and film thickness. This 
relationship was used in subsequent phases to set constant film thickness.
All preliminary phase experiments were conducted using horizontally-sprayed 
panels and Robot-1 to support the non-electrostatic applicator. Horizontal panels were 
used to prevent sagging, as vertical panels are more prone to sagging at higher film 
thicknesses. In addition, horizontal panels allow the formation of a more uniform film. 
The previous study (Prendi, 2005) showed that popping does not depend on panel 
orientation. A specific robot (Robot-1) was used in subsequent phases of this study to 
make sure that results are not biased by equipment variability. A test run was performed 
before conducting each set of experiments to make sure that the robot was working 
properly.
21
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At the beginning of each experiment, flow rate and distance were set at pre­
assigned values according to the design matrix and e-coated panels were cleaned with 
alcohol wipes, labeled, and affixed horizontally in the panel rack. Next, basecoat was 
applied over the panel at different tip speeds according to the design matrix. After the 
completion of basecoat application, panels were detached from the panel rack and placed 
in the curing oven for drying. Thirty experiments were conducted in the preliminary 
phase to establish a relation among the variables and film thickness. It is noted that the 
dehydration oven and clear coat zone were not used, as the intention of preliminary 
experiments was to identify film thickness, not popping.
3.4 Experimental Procedures for Other Phases
In Phase-1, a full factorial design augmented with center points was conducted to 
observe the variation in popping against flow rate and target distance. An elaborate 
description of the experimental design is discussed in Chapter 4. One 25.4 cm x 25.4 cm 
(10 in. x 10 in.) e-coated panel and two 10.2 cm x 30.5 cm (4 in. x 12 in.) bare steel 
panels were used in conducting Phase-1 experiments. These panels were mounted on the 
panel rack as shown in Figure 2. Panels were cleaned with alcohol wipes and properly 
labeled. The 25.4 cm x 25.4 cm panel was used to observe popping. One of the 10.2 cm x
30.5 cm panels was used to measure film thickness and the remaining one was used to 
support the aluminum foils for solid content measurement. Aluminum foils were weighed 
and labeled as “A” and “B”. The labeled foils were held on one 10.2 cm x 30.5 cm panel 
with a magnetic picture frame. The conveyor speed was adjusted and panels were sprayed 
with basecoat using Robot-1. The time between the end of paint application and the 
beginning of the dehydration process is considered as flash-off time. Flash off time for
22
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this study was 4.12 minutes. The conveyor was momentarily stopped immediately after 
spraying to remove aluminum foil-A. Aluminum foil-A was weighed and sent to the 
curing oven for drying.
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Figure 2: Plan View of Panels in Panel Rack for All Phases
After sufficient flash off time, panels w re moved from the robot zone to the 
dehydration zone. After dehydration, the film thickness-measuring panel was removed 
and sent to the oven for drying. A new bare steel panel was affixed in place of the 
basecoat film-thickness measuring panel to measure the clear coat film thickness. The 
remaining aluminum foil-B was also removed, weighed, and sent to the oven for curing. 
The popping measurement panel and the new bare steel panel were sprayed with clear 
coat using an electrostatic rotary bell applicator. After applying clear coat, both panels 
were sent to the curing oven for drying. The same procedure was used for other phases.
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The number of pops was counted using a 25.4 cm x 25.4 cm Plexiglas template. 
The Plexiglas template has twenty-five 2.54 cm equally spaced holes. Out of those 
twenty-five holes, 24 holes were used to count the number of pops. One hole was not 
considered for counting as it overlaps the mounting hole of the panel. Each hole was 
numbered to ensure counting at the location for each panel. The template was used in the 
same orientation for each panel. Thus, the number of pops reported in this study was 
counted within 123 cm2 [24 holes x (7r/4*(2.54cm)2 of the Plexiglas template holes].
Basecoat and clear coat film thickness were measured using an elcometer. A 
plastic template with ten equally spaced holes was used to locate the film thickness 
measurements. The template ensures that the film thickness measurements were done at 
the same location across the center of the panel. Before starting a film thickness 
measurement, the elcometer was calibrated against calibration foils supplied by the 
manufacturer. The conductive probe of the elcometer was placed at each of five holes on 
the template and values were stored in the device’s memory. The device calculated the 
average value, which was recorded as the film thickness. Aluminum foils were removed 
from the oven and weighed. The spray and the dehydration solid concentrations were 
measured in terms of percent by mass according to the following formulas. The 
maximum uncertainty in measurement was estimated as 0.1%.
Percent Solid spray =  ^ A3—wA2-wM
Where, W a i  = Initial foil weight (g)
Wa2 = Foil weight after basecoat application (g)
Wa3 = Foil weight after curing (g)
24
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„ ____4 o . , ; j  _  JVBi B\Percent Solid dehydration _ _ _
W b 2 ~ W b X  
where, W b i =  Initial foil weight (g)
Wb2 = Foil weight after dehydration (g) 
Wb3 = Foil weight after curing (g)
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CHAPTER 4: DESIGN OF EXPERIMENTS
In this section, design of experiments and different experimental conditions are 
discussed for all phases including the preliminary phase. Assumptions made during 
conducting the experiments are also discussed elaborately. It is worth noting that all 
experimental designs were generated using MINITAB releasel4 (Minitab Inc., State 
College, Pennsylvania, USA).
4.1 Design of Experiments: Preliminary Phase
As mentioned earlier, the main objective of preliminary phase experiments is to 
establish a functional relationship among paint application parameters, tip speed, and 
basecoat film thickness. Thirty experiments were conducted in the preliminary phase as 
shown in Table 1. Replication and randomization of design variables were not considered 
for preliminary phase experiments. However, each set of experiments were conducted in 
random order. A test run was conducted before starting each set of experiments to make 
sure that the equipment was working properly.
The first set of experiments was conducted on June 1, 2006 from 11 ::00 am to 1:00 
pm. These experiments were conducted at a flow rate of 500 (mL/min) and a target 
distance of 30.5 cm (12 in). The second set of experiments was also conducted in the 
same day from 1:30 pm to 3:30 pm with flow rate and target distance of 500 (mL/min) 
and 25.4 cm (10 in) respectively. The third and fourth sets of experiments were 
conducted on June 2, 2006 with a flow rate of 400 (mL/min) and target distances of 30.5 
cm and 25.4 cm. The last two sets of experiments were conducted on June 8, 2006. These
26
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experiments were conducted at a flow rate of 300 (mL/min) and target distances of 30.5 
cm and 25.4 cm.
Table 1: Design of Experiments for the Preliminary Phase
Set-1
FR =  500 
TD =  30.5 
June 1 , 2006
Set -2
FR =  500 
TD =  25.4 
June 1, 2006
Set-3
FR =  400 
TD =  30.5 
June 2,2006
Set -4
FR =  400 
TD =  25.4 
June 2, 2006
Set -5
FR =  300 
TD =  30.5 
June 8, 2006
Set-6
FR =  300 

















































































2 0 0 26.3 2 0 0 28.6 300 13.6 400 9.9 500 5.84 2 0 0 16.4
500 1 0 .2 400 15.0 1 0 0 39.9 2 0 0 2 0 .6 2 0 0 14.7 300 9.40
1 0 0 57.0 1 0 0 57.9 500 7.50 500 7.24 1 0 0 26.5 1 0 0 30.1
400 13.6 500 9.8 2 0 0 20.3 1 0 0 41.9 300 10.3 400 6 .8 6
300 16.5 300 18.2 400 10.5 300 1 2 .2 400 7.37 500 5.84
FR = Flow Rate (mL/min); TD = Target Distance (cm)
All experiments were conducted using Robot-1 to hold the applicator. The 
dehydration oven and clear coat zone were not used in conducting preliminary phase 
experiments. Panels were cured in the laboratory oven set at 143°C. The downdraft 
velocity during the preliminary phase was 18.6 m/min (61 ft/min) around Robot-1. All 
other variables except for flow rate, target distance, and tip speed were kept constant 
throughout the phase. The constant parameters used in the preliminary phase are shown 
in the Table 2. It is notable that most of the parameters in Table 2 were kept the same
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throughout all phases with some exceptions. Clear coat (CC) relative humidity for the 
preliminary phase was 60% whereas it was kept at 71% for other phases.
Table 2: Constant Parameters for All Phases
Parameters Values
Line Speed
BC bells 0.04 m/s (0.13 ft/s)
BC Robots 0.3 m/s (0.984 ft/s)
IR 0.076 m/s (0.25 ft/s)
CC Vestibule 0.18 m/s (0.59 ft/s)
CC Bells 0.08 m/s (0.217 ft/s)




Lower Open (25.4 cm)
Main Open
Other Parameters
Air velocity at panels 7.6 m/s (1500 ft/min)
Dehydration Oven Temperature 91°C (196°F)
Panel Oven temperature 143°C (289°F)
Time in Panel Oven 25 min
BC Booth Relative Humidity 63%
BC Booth Dry bulb temperature 23°C (73°F)
Fan air 300 (L/min)
Atomizing Air 300 (L/min)
CC target distance 25.4 cm (10 in)
CC Booth Relative humidity 60%
CC booth dry bulb 21°C (70°F)
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4.2 Design of Experiments: Phase-1
Phase-1 experiments were intended to investigate the application parameters: flow 
rate and target distance in relation to popping while keeping basecoat film thickness and 
dehydration oven temperature constant. Twenty-eight experiments were conducted in 
Phase-1 within four blocks. Each block consists of seven experiments. Block-1 consisted 
of a two-factor full factorial design augmented with three center points. Low and high 
levels for flow rate were 400 (mL/min) and 500 (mL/min), for target distances of 25.4 cm 
(10 inch) and 30.48 cm (12 inch). Factor levels were kept the same as in the previous 
study by Prendi (2005) to make the two studies comparable.
Unlike Prendi (2005), atomizing air was not investigated in relation to popping in 
the Phase-1 study, as it was not found to be significant in her experiments. It is noticeable 
that the gap between the low and high level of flow rate is large. Therefore, center points 
were added in the design matrix. A two-factor factorial design augmented with center 
points can predict the curvature, if any, in the model. It keeps the size and complexity of 
the design low and simultaneously gives some protection against curvature 
(Montgomery, 2005). Parameters other than flow rate and target distance were kept the 
same as in the preliminary phase experiments as shown in Table 2, except for clear coat 
(CC) relative humidity. CC relative humidity was 71% instead of 60%, as it could not be 
kept at 60% because of high external relative humidity. It is worth noting that CC relative 
humidity was kept at 71% for this phase and all subsequent phases to make sure that all 
phases were studied under the same process conditions.
It was necessary to achieve the popping condition before starting the experiments. 
Prendi (2005) confirmed that popping could not be attained using an electrostatic rotary
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bell applicator. Therefore, bell applicators were not used during this study. All 
experiments were conducted using a non-electrostatic applicator (EFC 501 conventional 
gun), as the non-electrostatic applicator is capable of inducing popping. A few trial and 
error experiments were conducted. First, a film thickness of 20.3 pm (0.8 mils) was 
considered for the simulation, as it is the film thickness specification for this paint. 
However, popping was not observed at this film thickness. The film thickness was then 
increased to 25.4 pm (1.0 mil), at which popping occurred in test panels. Therefore, the 
target for basecoat film thickness was set at 25.4 pm (1.0 mil).



















































































1 07-12-06 500 25.4 230 26.2 47.8 41.9 79.8
2 07-12-06 450 27.9 195 26.7 49.5 42.0 80.0
3 07-12-06 400 25.4 160 30.5 47.5 44.9 80.4
4 07-12-06 450 27.9 195 25.7 47.8 41.7 80.7
5 07-12-06 500 30.5 230 25.4 48.5 42.2 80.9
6 07-13-06 400 30.5 160 26.9 49.0 43.1 81.8
7 07-13-06 450 27.9 195 25.9 48.5 41.3 81.7
*3 07-13-06 400 25.4 160 29.0 46.0 40.2 79.8
Viscosity for Phase-1 Block-1 = 229 cP @ 100 rpm
* Repeated because BC film thickness was greater than 20% different than the target
Tip speed was adjusted according to Equation-1 (Section 4.1) developed in the 
preliminary phase to keep basecoat film thickness constant at a specified value. Design 
parameters for Phase-1 Block-1 experiments are shown in Table 3. Although it was
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expected that basecoat film thicknesses would remain constant at 25.4 pm, it could not be 
attained in practice. Experiments showing basecoat film thickness outside ± 20% of the 
target values were repeated. A paint sample was sent to the Windsor Assembly Plant Lab 
for viscosity test after each stage of experiments. The viscosity test results are shown in 
Appendix-A.
Block-1 experiments were repeated (replicated) in Block-2. Phase-1 Block-2 
experiments, shown in Table 4, were conducted on September 21, 2006. It is noticeable 
from Table 4 that tip speed for flow rate 400 (mL/min) was set at 165 (mm/s) instead of 
160 (mm/s), as in Block-1. The tip speed setting was regulated to lower the film thickness 
closer to the target value. It is also noticeable in Table 4 that Block-2 experiments were 
conducted approximately two and half months after the completion of Block-1 
experiments because of the unavailability of time for running the experiments at the 
ACRF.






















































































8 09-21-06 450 27.9 195 28.5 53.3 40.3 81.1
9 09-21-06 500 30.5 230 25.7 54.9 41.1 78.7
10 09-21-06 500 25.4 230 27.7 55.4 39.8 80.2
11 09-21-06 400 25.4 165 27.9 54.4 42.3 79.2
12 09-21-06 400 30.5 165 26.4 54.1 42,7 80.0
13 09-21-06 450 27.9 195 28.5 50.8 42,2 79.3
14 09-21-06 450 27.9 195 28.7 54.4 43.9 79.3
Viscosity for Phase-1 Block-2 = 346 cP @ 100 rpm
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Block-1 and Block-2 experiments were analyzed simultaneously. The overall 
analysis of Block-1 and Block-2 indicated that square of flow rate and interaction 
between flow rate and target distance are significant in relation to popping whereas the 
linear terms, that is flow rate and target distance, were not found significant. According 
to Montgomery (2005), significant square terms indicate curvature in the response. 
However, in this case linear terms were not found significant. Montgomery (2005) 
suggested that if  second order terms become significant, some additional experiments 
could augment the experimental design to establish a second order model. Therefore, the 
design space was further explored with some additional runs comprised of axial points 
and center points as shown in Table 5.
Note that the axial points in the design matrix were rounded off to the nearest 
values that can be set in the robot PLC console. For example, the calculated axial points 
for flow rate were 520.711 (mL/min) and 379.289 (mL/min) as generated by MINITAB, 
whereas the values used were 521 (mL/min) and 379 (mL/min). The same was done to 
set axial points for target distance.
32
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15 521 09-25-06 27.9 250 26.4 56.9 41.2 79.3
16 450 09-25-06 24.1 195 29.7 56.9 39.7 79.2
17 450 09-25-06 27.9 195 27.7 55.6 43.7 80.2
18 450 09-25-06 27.9 195 27.7 57.2 41.1 80.1
19 379 09-25-06 27.9 150 29.0 58.2 46.3 81.9
20 450 09-25-06 27.9 195 28.5 58.4 42.2 80.2
21 450 09-25-06 31.5 195 26.4 59.4 45,5 82.5
Block- 4
22 450 09-26-06 24.1 195 30.7 58.4 - -
22* 450 09-26-06 24.1 195 29.0 51.6 41.8 80.7
23 521 09-26-06 27.9 250 24.4 51.3 43.7 81.3
24 450 09-26-06 31.5 195 25.2 53.3 45,5 82.9
25 450 09-26-06 27.9 195 27.7 53.6 43.9 81.7
26 379 09-26-06 27.9 150 27.9 52.3 44.8 81.4
27 450 09-27-06 27.9 195 26.9 55.1 41.7 79.7
28 450 09-27-06 27.9 195 26.9 55.6 41.6 81.1
Viscosity for Phase-1 Block-3 = 311 cP & for Block-4 = 331 cP @ 100 rpm 
* Repeated because BC film thickness was greater than 20% different than the target
4.3 Design of Experiments: Phase-2
Analysis of Phase-1 experiments indicated that application parameters were not 
the significant parameters causing popping within the range of the study. Therefore, the 
next objective of this study is to examine the effect of basecoat film thickness on 
popping. The design matrix for Phase-2 experiments is shown in Table 6. Phase-2 
experiments were conducted using the harsh settings from Prendi’s (2005) study, as 
Phase-1 study could not reveal any significant relationship between application 
parameters and popping. Flow rate and target distance used in Prendi’s experiments were
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500 (mL/min) and 25.4 cm (10 inch). Three levels of film thickness were considered for 
phase-2 experiments. These were 25.4 pm (1.0 mil), 30.5 pm (1.20 mil), and 35.6 pm 
(1.40 mil). The experiments were repeated three times. Film thicknesses were set at target 
values by adjusting the tip speed according to Equation-1. However, target film thickness 
could not be attained in practice. The dehydration oven temperature was set at 91°C 
(196°F). Other parameters are kept the same as before. Dehydration solids content for 
some experiments were found lower than the manufacturer’s requirement. These 
experiments were replaced in the analysis by similar experiments from Phase-3 after 
adjusting the line speed. The replacement of data is further discussed in the Results and 
Discussion section.












































































1 09-30-06 195 30.5 41.8 79.3 35.6
2 09-30-06 235 25.4 39.7 80.1 27.9
3 09-30-06 165 35.6 41.2 77.3 40.1
4 09-30-06 165 35.6 40.4 74.7 39.1
5 09-30-06 235 25.4 40.6 80.0 28.5
6 09-30-06 195 30.5 41.0 77.1 34.5
7 09-30-06 235 25.4 42.9 80.4 26.5
8 09-30-06 195 30.5 41.7 78.7 32.8
9 09-30-06 165 35.6 38.3 75.5 38.1
34
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4.4 Design of Experiments: Phase-3
The main objective of Phase-3 was to investigate the effect of dehydration oven 
temperature on popping. Experiments were conducted at three different dehydration oven 
temperatures: 91°C (196°F), 74°C (166°F), and 58°C (136°F). Before conducting original 
experiments, some trial and error experiments were conducted to determine the required 
line speed to maintain solids contents over 78% as specified by the manufacturer. The 
results of these trial and error experiments are shown in Table 7.


























































1 09-30-06 91°C (196°F) 13 38.8 77.7
2 09-30-06 91 °C (196°F) 11 39.4 79.6
3 09-30-06 91°C (196°F) 14 40.4 77.3
4 09-30-06 74°C (166°F) 12 39.3 76.8
5 09-30-06 74°C (166°F) 10 38.8 78.1
6 09-30-06 74°C (166°F) 8 37.5 79.0
7 09-30-06 58°C (136°F) 6 37.2 78.1
8 10-02-06 58°C (136°F) 5 37.7 78.6
9 10-02-06 58°C (136°F) 8 36.4 73.5
Constant Parameters
1. Flow rate = 500 (mL/min)
2. Target Distance = 25.4 cm (10 inch)
3. Tip speed = 165 mm/s
4. Film thickness = 35.56 pm (1.40 mil)
5. Other parameters were kept the same as in to Table 2
Flow rate and target distance for Phase-3 experiments including trial and error 
experiments were kept the same as Phase-2. From Table 7 it is evident that the line 
speeds corresponding to dehydration oven temperatures of 91°C (196°F), 74°C (166°F),
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and 58°C (136°F) experiments are 3.35 m/min (11 ft/min), 2.44 m/min (8 ft/min), and 
1.52 m/min (5 ft/min), respectively. Results of Phase-2 experiments indicated that film 
thickness has significant effect on popping. It also suggested that popping increases with 
the increase in film thickness. Therefore, it was decided to run Phase-3 experiments at a 
film thickness of 35.6 pm (1.40 mils) as it exhibited the highest popping in Phase-2. The 
tip speed was set at 165 mm/s according to Equation-1 developed in the preliminary 
phase. It is noticeable in the previous phases that the tip speeds derived from Equation-1 
did not produce the desired film thickness in practice. The random order generated using 
MINTAB could not be kept since two of the experiments had to be repeated. The Phase-3 
design matrix is shown in Table 8. During Phase-3, two initial experiments of the design 
matrix produced panels with overlapping pops and thus were repeated. It is notable that 
the two initial runs reported in Table 8 are the repeated runs; runs with uncountable 
number of pops were not reported in this paper.
















































1 10-02-06 74°C (166°F) 36.9 78.9 62
2 10-02-06 91°C (196°F) 37.3 79.7 59
3 10-02-06 58°C (136°F) 36.6 78.0 27
4 10-02-06 74°C (166°F) 37.2 78.4 66
5 10-02-06 91°C (196°F) 38.1 78.9 117
6 10-02-06 58°C (136°F) 36.2 78.5 27
7 10-02-06 74°C (166°F) 38.1 79.6 148
8 10-02-06 58°C (136°F) 36.9 78.0 59
9 10-02-06 91°C (196°F) 38.4 80.0 159
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CHAPTER 5: DATA ANALYSIS, RESULTS, & DICUSSION
5.1 Results & Discussion: Preliminary Phase
The response variable for preliminary phase experiments was film thickness whereas tip 
speed, flow rate, and target distance were the independent design variables. Response 
data were analyzed using the statistical software MINITAB release 14. A graphical 
summary of the data is shown in Figure 3. The Anderson-Darling coefficient and p-value 
for the Anderson-Darling test indicate that the response data do not follow normal 
distribution; rather it is positively skewed (skewness = 1.6) as can be seen from Figure 3. 
The kurtosis value (2.05) indicates that the distribution is sharper than that of a normal 
distribution. It is also noticeable that there are two outliers in the data.














10.0 12.5 15.0 17.5 20.0 22.5 25.0
Figure 3: Graphical Summary of Preliminary Phase Experiments
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Identification of outliers is very important in any statistical analysis. Outliers 
might occur in the response because of recording error or they might be the actual trend 
of the data (Montgomery, 2005). It was confirmed that there was no recording error after 
careful investigation of the data. Therefore, outliers were treated as a continuing part of 
the original data. Data that do not follow normal distribution can be treated in two ways: 
by considering a suitable transformation or using non-parametric tests (Montgomery,
2005). In the data transformation method, the original data are converted to a suitable 
form so that the distribution of transformed data resembles that of a normal distribution. 
After that, transformed data are analyzed using regular parametric statistical procedures 
that are more powerful than non-parametric tests. In the non-parametric alternative, 
different statistical procedures are followed where median or ranking of data are 
considered for statistical analysis rather than dealing with the original data.
Generally, data transformation is done for three purposes: stabilizing response 
variances, making the distribution closer to normal distribution, and improving the fit of 
the model. Data transformation is also required for the data with binomial or Poisson 
distribution (Montgomery, 2005). Transformation of data sometimes requires tedious 
trials to reach a suitable form. The Box-Cox transformation is a statistical tool that 
transforms data to a suitable form. Data transformation can also be done using the 
Johnson transformation method. Data transformation methods and their application in 
different phases are discussed in Appendix-B. Both the Box-Cox and Johnson analyses 
indicate that the inverse square root of the original data is the suitable transformation. 
Relations between tip speed and film thickness at different combinations of flow rate and 
target distance are shown in Figure 4. Film thicknesses at a specific tip speed can be
38
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determined from the figure. However, the figure cannot depict changes in film 
thicknesses with changes in flow rates and target distances. Therefore, a multifactor 
analysis was done using MINITAB.
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Figure 4: Effects o f Tip Speed, Flow Rate, and Distance on Film Thickness
Response data (film thickness) were analyzed using the general linear model 
(GLM) and regression analysis methods. According to the statistical procedure, to 
become significant, the p-values corresponding to the factors should be less than the level 
of significance “a”. The level of significance used throughout this study was 0.05. The p- 
values for flow rate, tip speed, and the interaction between flow rate and tip speed were 
found less than the a-value. Flow rate, tip speed, and the interaction between flow rate 
and tip speed were found significant in relation to film thickness. Results of the general
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linear model are shown in Appendix-C. The adjusted R2 value for initial analysis 
including all factors was found to be 99.31%. A new model was established considering 
only the significant factors. Adjusted R2 value was found to be 99.26%. That is, exclusion 
of insignificant terms from the model did not reduce the adjusted R2 value. Target 
distance was not found to significantly affect basecoat film thickness.
Residual analysis was performed to check the adequacy of the fitted model. 
Residual plots for the inverse square root of film thickness are shown in Figure 5. 
Analysis of variances (ANOVA) is based on the assumption that the errors are normally 
and independently distributed with mean zero and constant but unknown variance a2 
(Montgomery, 2005). Several model adequacy criteria are available in statistics. 
Generally, In MINITAB, four adequacy tests are done. The most important adequacy 
criterion for any fitted model is the homogeneity of variances. If the distribution of 
underlying errors is normal, a plot of residuals versus fitted value should not reveal any 
obvious pattern and the normal probability plot should resemble a straight line 
(Montgomery, 2005). In addition, histogram of residual errors should look like a sample 
from a normal distribution. MINITAB also uses residuals in time sequence as a measure 
of adequacy of the model. A tendency to have runs of positive and negative residuals 
indicates positive correlation, which violates the normality assumption.
As seen in Figure 5, although the plot of residuals versus the fitted values did not 
reveal any obvious pattern, the distribution of residuals at either side of the plot exhibits a 
symmetrical pattern. In addition, the normal probability plot indicates that the distribution 
of residuals is slightly deviated from a straight line. That is, the homogeneity-of- 
variances assumption cannot be verified from the residual analysis. Therefore, an
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additional test was performed to confirm the homogeneity of variances. Bartlett’s test 
estimates the equality of variances for normally distributed data. Therefore, Bartlett’s test 
was considered to test the equality of variances in this case. The results of Bartlett’s test 
are shown in Appendix-D. The null hypothesis for the test is that all variances are equal. 
The null hypothesis can be rejected only when the p-value is less than the level of 
significance a. The analysis shows that the p-value for the test is 0.886, which is higher 
than the level of significance (a = 0.05). Therefore, the test failed to the reject null 
hypothesis, which confirmed the homogeneity of variances.
Residuals Versus the Fitted ValuesNormal Probability Plot of the Residuals
Filled ValueStandardized Residual









Figure 5: Residual Analysis o f Inverse SQRT o f Film Thickness
After establishing a model, it is necessary to show the result in a suitable manner. 
Regression analysis is a statistical tool that can be used to determine the functional 
relationship between dependent and independent variables. Regression analysis can be 
performed in several ways. In this analysis, multiple regression analysis was used. The
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result is then verified using forward and backward elimination regression method. 
Regression analysis indicated that flow rate, and interaction between these variables 
significant in relation to basecoat film thickness. Equation-1, describing the relation 
among the response variable and the significant variables, is given below. This equation 
was used in the subsequent phases to set the tip speed to attain the desired film thickness 
at a specified flow rate and distance.
= 20.0-0.0211 *FR + 0.769* T S - 0.000645*FR*TS  [Equation 1]
■sJFT
Where, FT = Film thickness (cm); FR = Flow rate (mL/min); TS = Tip speed (cm/s)
The above analysis is performed considering inverse square root of the response 
(film thickness). It is important to compare the result with the result obtained considering 
original data. Therefore, a similar analysis was done considering the original 
(untransformed) data. Analyses using original data predict the same result as that with 
transformed data. That is, both analyses identified tip speed, flow rate, and interaction 
between flow rate and target distance as the significant factors affecting film thickness. A 
3D surface plot of film thickness, tip speed and flow rate is shown in Figure 6. This 
figure illustrates the relationship among these variables and the response. It is evident 
from the figure that film thickness increases with the increase in tip speed. Film thickness 
also increases slightly with the increase in flow rate.
42
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1/(SQRT of Film Thickness)
Flow rat* (m l/ mm) ^
300
Tip spood (cm /s)
Figure 6: Three Dimensional Surface Plot for Inverse SQRT of Response
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5.2 Results & Discussion: Phase-1
In Phase-1, application parameters were investigated in relation to popping. Phase-1 
experiments were divided into four blocks. Designs of experiments for all blocks were 
discussed in Section 4.2. Here, results and analysis of all four blocks are discussed.
5.2.1 Results & Discussion: Phase-1 Block-1
From Section 4.2, it is noticeable that Run-3 of Phase-1 Block-1 was repeated and placed 
at the bottom of the table as Run-3*. However, Run-3* will be considered as Run-7 
during this data analysis, as it was conducted after completion of the remaining 
experiments of the design matrix. In addition, Runs 4-7 in table 3 were decremented in 
number. The corrected design matrix along with the response (number of pops) is shown 
in Table 9. The response variable for all phases except the preliminary phase is the 
number of pops counted per 123 cm2 of the panel. Film thicknesses varied from 25.4 pm 
to 29.0 pm in Phase-1 Block-1 as can be seen from Table 9, although constant film 
thickness was assumed.



















































1 500 25.4 230 5 26.2
2 450 27.9 195 9 26.7
3 450 27.9 195 12 25.7
4 500 30.5 230 7 25.4
5 400 30.5 160 5 26.9
6 450 27.9 195 7 25.9
7 400 25.4 160 8 29.0
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Practically, film thickness cannot be kept constant; rather it can be kept within a 
range near the specified value. For Phase-1 Block-1, the average film thickness was 26.5 
pm. The response data were analyzed in Minitab release 14. A graphical summary of the 
response variable (no. of pops) for Phase-1 Block-1 is shown in Figure 7. There are no 
outliers in the data as can be seen from Figure 7. By examining the Anderson-Darling 
coefficient, the p-value for Anderson-Darling test, skewness, and kurtosis it can be 
inferred that the distribution of response data is slightly (skewness and kurtosis less than 
1) deviated from a normal distribution. Data transformation is not necessary for a slightly 
skewed distribution. However, all responses in Phase-1 are discrete. Transformation of 
data can also be done if  the responses are discrete (Montgomery, 2005). Therefore, the 
Box-Cox transformation method and the Johnson transformation method were applied to 
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Figure 7: Graphical Summary of Phase-1 Block-1 Responses
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It was confirmed by analyzing the data using these methods that a lognormal 
distribution is the suitable transformation. Therefore, statistical analyses were done 
considering natural log of popping as the response. Transformed data were analyzed 
using the response surface analyzer of MINITAB release 14 to investigate the effects of 
flow rate and target distance on popping at constant film thickness. Regression 
coefficients for the response surface analysis are shown in Table 10. The null hypothesis 
for the analysis is that flow rate and target distance have no effect on popping. Thus, the 
purpose of the analysis is to determine whether to reject the null hypothesis at a 
statistically significant level. It is evident from Table 10 that none of the variables 
significantly affects popping. P-values for both flow rate and target distance are 0.869, 
higher than the level of significance 0.05, indicating that there is no significant evidence 
that flow rate and target distance affect popping.
Table 10: Regression Coefficients for Transformed Data, Phase-1 Block-1
Terms Coefficient Standard Error of Coefficient T value p-value
Constant 1.982 0.1439 13.77 0.000
FR -0.0334 0.1904 -0.175 0.869
TD -0.0334 0.1904 -0.175 0.869
S = 0.381 R-Square = 1.5% R-Square (Adjusted) = 0.0%
Here, FR = Flow Rate (mL/min); TD = Target Distance (cm)
The ANOVA table for response is shown in Table 11. The large p-value for the 
lack-of-fit test in Table 11 indicates that the linear model is adequate to fit the data. 
However, regression analysis indicated that linear terms (flow rate and target distance) 
were not significant in relation to popping, which is contradictory. According to the 
response surface method, if the fitted order model does not adequately describe the data,
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the lack-of-fit test becomes significant. In contrary to the literature, here the lack-of-fit 
test could not reveal the inadequacy of the model. Therefore, it was decided to run a 
replicate of Phase-1 Block-1 and it was named Phase-1 Block-2. It is notable here that 
the entire analyses shown above were repeated for the original (untransformed) data and 
the analyses predicted the same result.
Table 11: ANOVA for Natural Log of Pops, Phase-1 Block-1








Regression 2 0.009 0.004 0.03 0.970
Linear 2 0.009 0.004 0.03 0.970
Residual error 4 0.58 0.145
Lack of fit 2 0.435 0.217 2.99 0.251
Pure error 2 0.145 0.072
Total 6 1934.00
S = 0.381 R-Square = 1.5% R-Square (Adjusted) = 0.0%
5.2.2 Results & Discussion: Phase-1 Block-2
Phase-1 Block-2 experiments were conducted on September 21, 2006. Results of the 
Phase-1 Block-2 experiments are shown in Table 12. It can be seen from Table 12 that 
basecoat film thicknesses varied from 25.65 pm to 28.70 pm and the average film 
thickness for Block-2 is 27.61 pm, higher than that for Phase-1 Block-1. Both Block-1 
and Block-2 data are considered simultaneously for analysis.
A graphical summary of response data (no. of pops) is shown in Figure 8. It is 
evident from the figure that the distribution of response data is positively skewed. 
Skewness and kurtosis values for a perfectly normal distribution are both be zero. 
However, for this analysis these are 1.17 and 1.21 respectively. In addition, the
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Anderson-Darling coefficient and p-value of the Anderson-Darling test are 0.56 and 
0.123 respectively. These observations suggest that data transformation is required. Box- 
Cox and Johnson transformation methods were applied to identify the optimum 
transformation.
Table 12: Popping Response for Phase-1 Block-2 Experiments




(mm/s) No. of Pops
BC Film 
Thickness (pm)
8 450 27.9 195 13 28.5
9 500 30.4 230 15 25.7
10 500 25.4 230 6 27.7
11 400 25.4 165 9 27.9
12 400 30.5 165 8 26.4
13 450 27.9 195 21 28.5
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Figure 8: Graphical Summary o f the Response, Phase-1 Block-1 & Block-2
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As both transformation methods indicate that the inverse square root of the 
response is the suitable transformation, subsequent analyses would be done using the 
transformed data. After suitable transformation, the response data were analyzed 
sequentially in MINITAB using the response surface analyzer. At the beginning, a first 
order model was considered for the analysis. Regression coefficients for the response 
surface analysis are shown in Table 13. It can be seen from the table that p-values for 
flow rate and target distance are 0.984 and 0.588 respectively, higher than the a-value. 
That is, flow rate and target distance do not significantly affect popping at the specified 
level of significance. A p-value of 0.068 for block effect, also higher than the a-value, 
indicates that no significant variation in the response occurred because of nuisance 
factors.
Table 13: Regression Coefficients for Response, Phase-1 Block-1 & Block-2
Terms Coefficient Standard Error of Coefficient T value P-value
Constant 0.339 0.0178 19.02 0.000
Blocks 0.0364 0.0178 2.05 0.068
Flow Rate 0.000496 0.0236 0.021 0.984
Target Distance -0.0132 0.0236 -0.559 0.588
S = 0.067 R-Square = 31% R-Square (Adjusted) = 10.3%
The ANOVA table for response surface analysis is shown in Table 14. A p-value 
of 0.091 for the lack-of-fit test indicates that the first order model is adequate to describe 
the behavior of the response. The R2 value for the analysis is 31% and the adjusted R2 
value is 10.3%. That means that the variables considered for the model can only describe 
10% of the variability in the response.
49
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 14: ANOVA Table for Linear Model, Phase-1 Block-1 & Block-2




Mean Square F values P-values
Blocks 1 0.0186 0.0186 4.18 0.068
Regression 2 0.00139 0.000696 0.16 0.857
Linear 2 0.00139 0.000696 0.16 0.857
Residual 10 0.0444 0.00444
Lack of fit 6 0.0384 0.00640 4.28 0.091
Pure error 4 0.00599 0.00150
Total 13 0.064
S = 0.067 R-Square = 31% R-Square (AdjustecI) = 10.3%
In the next step, linear and square terms as well as the first order terms were 
considered in the analysis. Results of the regression analysis are shown in Table 15. From 
Table 15 it is evident that flow rate and target distance are not significant in relation to 
popping, as the corresponding p-values are higher than the level of significance a. P- 
values for flow rate and target distance are 0.979 and 0.482. However, a p-value of 0.019 
for the square of flow rate indicates that it is significant in relation to popping. It can also 
be seen from the analysis that the effect of the square of the distance cannot be estimated 
by MINITAB.
Table 15: Regression Table for 2nd Order Model, Phase-1 Block-1 & Block-2
Terms Coefficient Standard Error of Coefficient T value P value
Constant 0.294 0.0207 14.18 0.000
Blocks 0.0364 0.0136 2.68 0.025
FR 0.000496 0.0180 0.028 0.979
TD -0.0132 0.0180 -0.734 0.482
FR2 0.079 0.0274 2.87 0.019
TD2 Cannot be estimated
Here, FR = Flow Rate (mL/min); TD = Target Distance (cm)
50
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Normally, the effect of variable cannot be estimated if the number of observations 
and hence the required number of degrees of freedom (DF) is less than that required. The 
number of DF required for estimating the square of target distance is one and that could 
have been obtained easily by reducing the DF of residual errors by one. A multiple 
regression analysis (not shown) indicates that the square of the distance is highly 
correlated with other independent variables. This problem sometimes occurs in statistical 
analysis. This is known as collinearity. Collinearity is a statistical flaw that occurs if  a 
near perfect linear relationship exists between two independent variables (MINITAB,
2006). Results of the analysis of variances are shown in Table 16.
Table 16: ANOVA Table for 2nd Order Model, Phase-1 Block-1 & Block-2





Mean Square F values P-values
Blocks 1 0.0186 0.0186 7.20 0.025
Regression 3 0.0226 0.00753 2.92 0.093
Linear 2 0.00139 0.000696 0.27 0.769
Square 1 0.0212 0.0212 8.22 0.019
Residual error 9 0.0232 0.00258
Lack of fit 5 0.0172 0.00344 2.30 0.220
Pure error 4 0.00599 0.00150
Total 13 0.064
S = 0.051 R-Square = 63.9% R-Square (Adjusted) = 47.9%
It is evident from Table 16 that blocks are also found significant, as the p-value 
for block effect is less than the a-value. It means that significant variation in popping 
occurred because of nuisance factors. Blocking in factorial design is very important. It 
systematically eliminates the effects of known and controlled nuisance factors from that 
of original factors. Therefore, a significant block effect indicates that variables other than 
flow rate and target distance cause popping. The high p-value for the lack of fit test
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indicates that the second order model is adequate to describe the data. The R2 value for 
the analysis is 63.9% whereas the adjusted R2 value is 47.9%.
The design space was further explored by adding axial points in the design matrix. 
Normally, in response surface design, axial points are introduced in the design matrix 
when square terms are found significant and the first order model failed to describe the 
data (Montgomery, 2005). Axial points are introduced to attain a full quadratic model and 
to explore the optimum conditions for either minimum or maximum response depending 
on the requirement. In this study, the optimum condition is not a matter of concern. The 
only reason behind considering axial points is to confirm the curvature found in the 
response. It is also notable that significant time had elapsed between Block-1 and Block-2 
experiments.
5.2.3 Results & Discussion: Phase-1 All Blocks
Phase-1 Block-3 & Block-4 experiments were conducted from September 25, 2006 to 
September 27, 2006. Popping responses for these blocks are shown in Table 17. It is 
worth mentioning that Run-22 of the design matrix was repeated because the film 
thickness exceeded ± 20% of the target value and only the repeated test result is reported 
in Table 17. It is also noticeable from Table 17 that popping is more pronounced for 
Block-3 than that for Block-4. In fact, popping in Block-3 is even higher than that for 
Block-1 or Block-2. The average film thickness for Block-3 was 27.94 pm, whereas the 
average film thickness for Block-4 was 26.93 pm. Dehydration solids for Block-3 and 
Block-4 were within the manufacturer’s specification.
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15 521 27.9 250 26.4 79.3 18
16 450 24.1 195 29.7 79.2 13
17 450 27.9 195 27.7 80.2 19
18 450 27.9 195 27.7 80.1 13
19 379 27.9 150 29.0 81.9 30
20 450 27.9 195 28.5 80.2 34
21 450 31.5 195 26.4 82.5 21
Block- 4
22 450 24.1 195 29.0 80.7 16
23 521 27.9 250 24.4 81.3 11
24 450 31.5 195 25.2 82.9 5
25 450 27.9 195 27.7 81.7 12
26 379 27.9 150 27.9 81.4 8
27 450 27.9 195 26.9 79.7 7
28 450 27.9 195 26.9 81.1 13
Phase-1 experimental data were analyzed simultaneously to investigate effects of 
application parameters on popping. A graphical summary of response data (no. of pops) 
is shown in Figure 9. It is evident from the Anderson-Darling coefficient and 
corresponding p-value that the data do not follow a normal distribution. There are two 
outliers in the data. As before, the data were checked for any recording error and it was 
confirmed that there was no recording error. Therefore, outliers were considered as an 
integral part of the data. Skewness and kurtosis are 1.43 and 2.16 respectively, indicating 
that the distribution is positively skewed and that the shape of the distribution is sharper 
than that of the normal distribution. In addition, the data are discrete in nature. Therefore, 
the data were analyzed for a suitable transformation.
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Figure 9: Graphical Summary of All Phase-1 Experiments
The original data were analyzed using the Box-Cox and Johnson transformation 
method. These analyses suggest that the lognormal distribution is the most suitable 
transformation for the response data. Therefore, subsequent analyses were performed 
using the natural log of response data. Transformed data were analyzed using the 
response surface analyzer of MINITAB. A full quadratic model was considered for the 
analysis. Regression coefficients for response surface analysis are shown in Table 18. It 
is evident from the table that flow rate and target distance are not significant in relation to 
popping as p-values are greater than the level of significance a. P-values for flow rate and 
target distance are 0.90 and 0.837 respectively, greater than the a-value (0.05). Similarly, 
the squares of the terms and the interaction between the terms are not significant. The
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only significant terms found are the constant term and block effects. That is, much of the 
variation in the response occurred because of nuisance factors.






Constant 2.58 0.104 24.7 0.000
Block 1 -0.436 0.118 -3.69 0.002
Block 2 0.014 0.118 0.123 0.904
Block 3 0.574 0.118 4.86 0.000
FR -0.0114 0.090 -0.127 0.900
TD -0.0189 0.090 -0.209 0.837
FR2 -0.0889 0.093 -0.953 0.352
TD2 -0.187 0.094 -1.994 0.061
FR* TD 0.23 0.128 1.804 0.087
S = 0.361 R-Square = 66.1% R-Square (Adjusted) = 51.9%
Here, FL = Flow Rate; TD = Target Distance
Results of the analysis of variances are shown in Table 19. It can be seen from 
Table 19 that the R2 value for the analysis is 66.1% and the adjusted R2 value is 51.9%. 
R2 is not the only measure of adequacy of a model because the addition of more and more 
terms in the model would increase the R2 value but the model will not be valid if the 
terms are not significant. If insignificant terms were excluded from the model, the R2 
value would also go down. However, the adjusted R2 value is less affected by the 
insignificant terms in the model. It can be inferred from the analysis that there is no 
significant relation among flow rate, target distance and popping even if square and 
interaction terms are taken into consideration.
Results of these analyses are somewhat different than those from simultaneously 
analyzing the data of Phase-1 Block-1 and Block-2. In the former analysis, the square of
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the flow rate and the interaction between flow rate and target distance were found 
significant in relation to popping. However, the same result was not attained when all 
blocks are analyzed simultaneously. The reason behind such an unusual result may be 
because of the lower number of observations in Phase-1 Block-2, a change in the paint 
characteristics, or nuisance factors. Results of the simultaneous analysis of all blocks of 
Phase-1 are more reliable than the previous analyses because the numbers of experiments 
were higher and the design space is explored by incorporating axial points in the design 
matrix.









Mean Square F values P-values
Blocks 3 3.80 1.266 9.73 0.000
Regression 5 1.031 0.206 1.59 0.212
Linear 2 0.00779 0.00389 0.03 0.971
Square 2 0.600 0.300 2.31 0.127
Interaction 1 0.423 0.423 3.26 0.087
Residual error 19 2.47 0.130
Lack of fit 11 1.497 0.136 1.12 0.449
Pure error 8 0.974 0.122
Total 27 7.30
S = 0.361 R-Square = 66.1% R-Square (Adjusted) = 51.9%
It is evident from the adjusted R2 value of 52% in Table 19 that block effects 
explained about 50% of the variations. It was found by examining Phase-1 experimental 
data that film thicknesses were not constant throughout the phase. Thus, film thickness 
can be one of the nuisance factors. In addition, paint viscosity, paint aging, batches of 
paint, and changes in process conditions can also be nuisance factors. As data pertaining
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to film thickness, percent dehydration solids, and viscosity for the corresponding blocks 
were known, these data were utilized to investigate their effects on popping.
First, individual correlation of film thickness, dehydration solid, and viscosity 
with popping were determined using one way ANOVA. Results of the analysis are shown 
in Table 20. It is evident from the adjusted R2 values that film thickness and viscosity 
have a significant effect on popping when considered individually. Therefore, film 
thickness and/or viscosity may be responsible for the remaining variability in the 
response. As both film thickness and viscosity are found significant from a one-way 
ANOVA, a two-way ANOVA would have been the best statistical tool to investigate the 
combined effect. When the design matrix was developed, film thickness and viscosity 
were not considered as factors affecting popping. Thus, the balanced design required for 
a two-way ANOVA does not exist. Instead, regression analysis was employed to 
investigate the combined effect.
Table 20: One-Way ANOVA Table for Factors Affecting Popping
Factor P-value Revalue (%) Adjusted R2 (%)
Film Thickness 0.044 91.2 66.0
Viscosity 0.000 54.0 46.0
Dehydration Solid 0.245 72.4 25.5
The regression analysis (not shown) indicates that only the film thickness is 
significant in relation to natural log of popping as its p-value turns out to be 0.032, less 
than the a-value. The result might create some confusion because flow rate and target 
distance were not found significant in relation to popping from Phase-1 study whereas 
film thickness found significant. Now, it was evident from preliminary phase study that
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film thickness depends on flow rate to some extent. That means flow rate itself does not 
affect popping, though it influences film thickness, which ultimately causes popping. 
Results of Phase-1 suggest that approximately 50% of the variation in the response 
occurred because of blocking. Film thickness, dehydration solids, spray solids, viscosity, 
batches of paint, changes in process condition can generate nuisance in the response. 
However, from this Phase-1 study it is not possible to identify which nuisance factors 
cause the block effects.
All analyses for Phase-1 experiments were performed using transformed data. 
Similar analyses were done using the original data. It is worth noting that the analysis 
using original data may not be valid as the distribution is not normal. However, if the 
distribution of original data was examined, it can be seen that the distribution is slightly 
deviated from the normal distribution. F-statistics used in ANOVA are not affected by a 
slight deviation from the normal distribution. Therefore, both analyses should reveal 
identical results; although interaction terms may vary as transformation of data diminish 
the interaction effect (Montgomery, 2005). Analyses using original data indicate that only 
block effects are significant in relation to popping, as was predicted using transformed 
data. The p-value for the block effect was found to be 0.001 whereas p-values for 
application parameters, their interaction and square terms were found to be higher than 
the ce-value. Thus, it is certain that application parameters are not the real cause of 
popping; rather film thickness has profound effect on popping.
5.3 Results and Discussion: Phase-2
Phase-1 analyses indicated that application parameters: flow rate and target 
distance are not responsible for popping in automotive basecoat. It was also identified
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from Phase-1 analysis that film thickness has significant effect on popping. As 
experiments in Phase-1 were conducted to establish relation between application 
parameters and popping, theoretically film thickness was kept constant. However, film 
thickness could not be kept constant practically and deviated within the range of ± 20% 
from the design value. It was identified from Phase-1 analysis that this slight variation in 
film thickness caused the variation in popping. However, film thickness is related to flow 
rate when tip speed is not used as a control measure. Therefore, it is important to study 
the effect of film thickness on popping while keeping the application parameters 
constant. Therefore, in Phase-2, flow rate and target distance were kept constant at 500 
(mL/min) and 25.4 (cm) respectively while film thicknesses were varied according to the 
design matrix shown in Table 6. Apart from this, all other factors and conditions were 
kept the same as Phase-1. Flow rate and target distance for Phase-2 experiments were 
taken from Prendi’s (2005) experiments, as these are the harsh settings in her experiments 
within the range of real plant operating condition. Popping responses for Phase-2 
experiments are shown in Table 21.
It can be seen from Table 21 that actual film thicknesses are higher than the 
desired values. For example, the desired film thickness for Run-3, Run-4, and Run-9 was 
35.6 pm, whereas the actual film thicknesses attained are 40.1, 39.1, and 38.1 pm 
respectively. However, the deviations in film thicknesses from the average were less than 
the difference between actual values and the desired values. Another important 
observation from Table 21 is that dehydration solids for Run-3, Run-4, Run-6, and Run-9 
are lower than the manufacturer’s specification. Compared to Run-6, the dehydration
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solids for the other two experiments with desired film thickness 30.48 pm are within the 
specification of greater than or equal to 78%.











1 30.5 79.3 35.6 54
2 25.4 80.1 27.9 17
3 35.6 77.3 40.1 58
4 35.6 74.7 39.1 57
5 25.4 80 28.5 27
6 30.5 77.1 34.5 42
7 25.4 80.4 26.5 27
8 30.5 78.7 32.8 37
9 35.6 75.5 38.1 62
Since the dehydration solids for Run-6 was 77.1%, very close to the specification, 
and other experiments with the same film thickness setting were within the specification, 
it was decided to keep Run-6 in the design matrix. However, Run-3, Run-4, and Run-9 
are replaced by the Run-2*, Run-5, and Run-9 of the Phase-3 design matrix shown in 
Table 8. From a statistical point of view, these replacements might evolve some criticism. 
However, considering the facts that Phase-2 and Phase-3 experiments were conducted on 
the same day and with the same batch of paint, and that Phase-3 experiments were 
conducted with the desired film thickness of 35.6 pm, these replacements are justified. In 
addition, both sets of data were compared to investigate whether the replacement is 
statistically feasible. The two sets of response data (number of pops) were compared 
using the “Paired t-test” and the results are shown in Table 23. It is evident from Table 23 
that p-value is greater than the “a  value” and confidence intervals contain zero for the
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paired t-test. According to the rejection criteria, we cannot reject the null hypothesis that 
original data and replaced data are equal. That is, any difference between two sets of data 
cannot be demonstrated. Therefore, analyses of Phase-2 data were done using design 
matrix containing replaced data. A two-sample t-test (not shown) was also performed to 
verify the results of paired t-test. The two-sample t-test obtained the same outcome; that 
is there is no difference between two sets of data.
Table 22: Paired T-Test for Original versus Replaced Data
Paired T-Test and Cl: Original data, Replaced data
N Mean Standard 
Deviation
SE Mean
Original data 3 59.0 2.65 1.53
Replaced data 3 111.7 50.2 29.0
Difference 3 -52.7 48.4 28.0
95% Cl for mean difference: (-172.9, 67.6)
T-Test of mean difference = 0 (versus not = 0): T value = -1.88 P-value = 0.2
Selection Criteria
Reject null hypothesis if P-value is less than the “a  value” and confidence interval
does not include zero.
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Phase-2 data were analyzed using regression analysis in MINITAB. First, a linear 
relation was assumed between film thickness and number of pops. A graphical summary 
of the data is shown in Figure 10. From Figure 10 it is evident that the response data does 
not follow normal distribution; rather it is positively skewed. The p-value and the 
Anderson-Darling coefficient for the distribution are 0.78 and 0.027 respectively. 
Skewness and kurtosis values for the distribution are 1.5 and 1.4 respectively. These 
values confirmed the deviation from normal distribution.
a  EC 120 100
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Figure 10: Graphical Summary for Phase-2 Replaced Data
As before, Box-Cox and Johnson methods were employed to determine a suitable 
transformation for the data. Both analyses indicate that the lognormal distribution is the 
suitable transformation for the data. Therefore, Phase-2 data were analyzed using the 
natural logarithm of the number of pops. The results of regression analysis for the
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replaced transformed data are shown in Table 23. It is evident from Table 23 that film 
thickness is significant in relation to popping. The p-value for this analysis is 0.002, less 
than the “of’ value. The R value and the adjusted R value for the analysis are 76.0% and 
72.6%; that is film thickness accounts for about 73% of the variability in the response.
Table 23: First Order Regression Coefficients for Phase-2 Replaced Data




Square F value P-value
Regression 1 3.12 3.12 22.2 0.002
Error 7 0.99 0.141
Total 8 4.11
S = 0.375; R2 = 76.0 %; R2 (adjusted) = 72.6%
A second analysis was done considering the quadratic relation to detect second 
order effects. Results of the analysis are shown in Table 24. The analysis shown in Table 
24 indicates that the quadratic term is not significant. The p-value for quadratic term is 
0.549, much higher than the “of’ value. Therefore, it can be deduced that there is a 
significant linear relationship between the film thickness and the log of the number of 
pops.
Table 24: Quadratic Regression Coefficients for Phase-2 Replaced Data




Square F value P-value
Regression 2 3.18 1.59 10.34 0.011
Linear 1 3.12 3.12 22.2 0.002
Quadratic 1 0.062 0.062 0.40 0.549
Error 7 0.92 0.154
Total 8 4.10
S = 5.94; R2 = 77.5 %; R2 (adjusted) = 70%
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Similar analyses were done using Phase-2 original transformed data. Results of 
Phase-2 with replaced transformed data are slightly different from that using Phase-2 
with original transformed data. Analyses of original transformed data indicated that film 
thickness is related to the number pops whereas analyses using replaced transformed data 
indicated that film thickness is related to the log of the number of pops. In addition, the p- 
value for the film thickness in the analysis using original transformed data was 0.021, 
whereas for replaced transformed data it was 0.002. These results are different in terms of 
the model equation but not different in terms of the relationship; both analyses indicated 
that film thickness affects popping.





Histogram of the Residuals Residuals Versus the Order of the Data
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•o
Standardized Residual Observation Order
Figure 11: Residual Plots for Phase-2 Replaced Design
Residual analysis was done for the data to investigate the validity of the model. 
The results of the residual analysis are shown in Figure 11. The normal probability plot
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and histogram of standardized residuals indicates that all the residuals are within -1.5 to 
2.0 standard deviations. No obvious pattern can be detected from residual versus fitted 
value plot, which confirms the homogeneity of variances. In addition, no obvious pattern 
can be detected from standardized residual versus observation order plot. Thus, analyses 
of Phase-2 data indicate that film thickness is responsible for popping when application 
parameters and dehydration oven temperatures are kept constant. A functional relation 
between film thickness and the natural log of pops is shown in Figure 12. It is evident 
from the figure that film thickness is linearly related to natural log of pops.
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Figure 12: Fitted Value Plot for Final Model, Phase-2 Replaced Data
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5.4 Results & Discussion: Phase-3
Phase-3 experiments were conducted to investigate the effect of dehydration oven 
temperature on popping. First, trial and error experiments were conducted to identify the 
required line speeds at dehydration oven temperatures 91°C (196°F), 74°C (166°F), and 
58°C (136°F) to make sure that solids content remains at manufacturer’s specifications. 
All Phase-3 experiments were conducted at a film thickness of 35.6 pm. The line speeds 
required for Phase-3 experiments were found to be 3.35 m/min (11 ft/min), 2.44 m/min (8 
ft/min), and 1.52 m/min (5 ft/min) at dehydration oven temperatures 91°C (196°F), 74°C 
(166°F), and 58°C (136°F) respectively, from Phase-3 trial and error experiments. 
Popping responses for Phase-3 are given in Table 25.










1 36.9 74°C (166°F) 62
2 37.3 91°C (196°F) 59
3 36.6 58°C (136°F) 27
4 37.2 74°C (166°F) 66
5 38.1 91 °C (196°F) 117
6 36.2 58°C (136°F) 27
7 38.1 74°C (166°F) 148
8 36.98 58°C (136°F) 59
9 38.4 91 °C (196°F) 159
Response data for Phase-3 experiments were analyzed in MINITAB to identify 
the distribution of data. A graphical summary of popping responses is shown in Figure 
13. It can be seen from Figure 13 that the distribution is slightly deviated from a normal 
distribution. Skewness and kurtosis values of 0.66 and -0.97 respectively indicate that the
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distribution is flatter than that of normal distribution and is slightly right skewed. Box- 
Cox and Johnson transformation methods were employed to identify a suitable 
transformation for the data.
Anderson-Darling: Normality Test 
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Figure 13: Graphical Summary for Phase-3
It was confirmed by the Box-Cox and the Johnson transformation methods that a 
lognormal distribution is suitable for the data. Transformed data were analyzed using the 
general linear model (GLM), as it allows analysis of covariance. In Phase-3, film 
thickness was considered as a covariant, since it affects popping response and it is hard to 
keep constant. Results of fitting the GLM are shown in Table 26. It can be seen from 
Table 26 that both dehydration oven temperature and the covariate (film thickness) are 
significant in relation to popping. The p-values for these variables are 0.002 and 0.005 
respectively, less than the a-value. The R2 and the adjusted R2 values for the analysis are 
91.75 % and 86.80% respectively. That is, most of the variation in responses is because
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of dehydration oven temperature and film thickness. Analysis of covariance eliminates 
the effect of known nuisance factors from the original factor. The results of Phase-3 
reinforced the predicted effects of film thickness on pops found in Phase-2. An additional 
regression analysis (not shown) was done without considering the covariate (film 
thickness). The results of the analysis indicate that dehydration oven temperature was 
significantly affecting popping. The p-value for the analysis was 0.036, which is less than 
the level of significance a  and the adjusted R value was 41.7%. That is, dehydration 
oven temperature and film thickness almost equally affect popping phenomenon.











Square F value P-value




2 1.86 2.94 1.47 26.6 0.002
Error 5 0.28 0.06
Total 8 3.36
S = 0.23; R2 = 91.8 %; R2 (adjusted) = 86.8 %
A residual analysis was done for the analysis to examine the validity of the model. 
The residual plot for the analysis is shown in Figure 14. From the normal probability plot, 
it is evident that most of the residuals lie between -1.5 to 2.0 standard deviations. In 
addition, no obvious pattern can be detected from the standardized residual versus fitted
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value plot. Thus, the model is adequate to describe the behavior of the response. Similar 
analysis was done for Phase-3 original data. The analysis using the original data also 
predicted the same result; both dehydration oven temperature and film thickness affect 
automotive basecoat popping. The p-values for both dehydration oven temperature and 
film thickness are less than 0.0005 indicating the significance of these variables on 
popping.
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Figure 14: Graphical Representation of Residual Analysis for Phase-3
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CHAPTER 6: CONCLUSIONS & RECOMMENDATIONS
6.1 Conclusions
An equation describing the relationship among tip speed, flow rate, and film thickness 
was established. This equation was used in the later phases to set a specific film 
thickness. The results of Phase-1 of this study clearly indicate that application 
parameters: flow rate and target distance are not significant factors causing popping in 
automotive waterborne basecoat under controlled conditions. Although it was expected 
that constant film thickness would be achieved by varying tip speed, it could not be 
attained in practice. It was found from the Phase-1 study that a slight departure from the 
target film thickness caused the variability in popping. It was also found from Phase-1 
study that about 50% of the variability in the response occurred because of nuisance 
factors. However, any specific nuisance factor causing the variability could not be 
identified. In Phase-2, film thickness was examined in relation to popping by varying tip 
speed and holding all other variables constant. Film thickness was found significant and it 
explained approximately 72% of the variability in popping.
It was found from Phase-3 analysis that both dehydration oven temperature and 
film thickness are significant in relation to popping. These two factors combined explain 
approximately 87% of the variability of the response variable (natural log of the number 
of pops). In addition, analysis of Phase-3 data without considering the covariance 
indicates that dehydration oven temperature individually explains 41% variability in the 
response. Thus, it is clear from the Phase-3 analysis that film thickness and dehydration 
oven temperature are almost equally affecting popping.
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From this study, it was established that application parameters: flow rate and 
target distance are not significant in relation to popping. However, one application 
parameter (flow rate) affected film thickness. Thus, it is clear that flow rate itself does not 
affect popping, but contributes to the variability in film thickness, which in turns, causes 
popping. It was also found that high dehydration oven temperature and high film 
thickness leads to popping.
6.2 Recommendations
In conducting Phase-1 study, it was assumed that film thickness would remain 
constant throughout the phase, which could not be achieved in practice. Blocking was 
considered in the Phase-1 study, assuming that the nuisance factor (film thickness) could 
be kept constant. Blocking is most effective in situations where nuisance factors can be 
kept constant (Montgomery, 2005). The relation between tip speed, flow rate, and film 
thickness is likely affected by the factors that caused the block effect. Thus, it is 
recommended to perform preliminary experiments to set film thickness before each phase 
of experiments.
This study identified the significant variables: film thickness and dehydration 
oven temperature that cause popping. However, the conditions for pop-free paint surface 
could not be established due to the change in the dehydration oven layout and time 
constraints. If any future work is done to establish the conditions for pop-free paint 
surface, it is recommended to manipulate the controlled environment to achieve the same 
conditions that were used during this study. It is also recommended to use the same batch 
of paint throughout the study, if possible. Generally, the compositions of paint as well as 
copolymers Tg vary from batch to batch. The Tg of copolymer was reported as a factor
71
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
causing popping (Watson and Wicks, 1983). Thus, the use of different batches of paint 
might introduce another factor in the study. In addition, it is recommended to conduct the 
entire study within a single session to eliminate the effects of relative humidity and 
process variation.
72
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
REFERENCES
Blanc, D., Vessot, S., Laurent, P., Gerard, J. F., Andrieu, J. (1997). Study and Modeling 
of Coated Car Painting Film by Infrared or Convective Drying. Drying Technology, 15 
(9), 2303-2323.
Blandin, H. P., David, J. C., & Vergnaud, J. M., (1987). Modeling the Drying of 
Coatings: Effect of the Thickness, Temperature and Concentration of Solvent. Progress 
in Organic Coatings, 15(2), 163-172.
Brown, G. L. (1956). Formation of Films from Polymer Dispersions. Journal o f Polymer 
Science, 22, 423.
Croll, S. G. (1986). Drying of Latex Paint. Journal o f Coatings Technology, 58 ,41-49.
Dillon, E. W., Matheson, D. A., & Bradford, E. B. (1951). Sintering of Synthetic Latex 
Particles. Journal o f Colloid Science, 6, 108.
Dissadot, L. A., Greent, P. W., Hilt, R. M., & Strivens, T. A. (1989). Power-law Decay of 
Conductance during the Drying of Latex Paints. Journal o f Applied Physics, 22, 713-716.
Dobler, F., Pith, t., Lambla, M., & Holl, Y. (1992). Coalescence Mechanisms of Polymer 
Colloids. I: Coalescence under the Influence of Particle-water Interfacial Tension. 
Journal o f Colloid and Interface Science, 152(1), 1.
Eaton, R. F., & Willeboordse, F. G. (1980). Evaporation Behavior of Organic Co­
solvents in Waterborne Formulations. Journal o f Coatings Technology, 52(660), 63-70.
Eckersley, S. T., & Rudin, A. (1994). Drying Behavior of Acrylic Latexes. Progress in 
Organic Coatings, 23(4), 387-402.
Geipel, C., & Stephan, P. (2005). Experimental Investigation of the Drying Process of 
Automotive Base Paints. Applied Thermal Engineering, 25(16), 2578-2590.
Haas, D. E., Quijada, J. N., Picone, S. J., & Bimie, D. P. (2000). Effect of Solvent 
Evaporation Rate on Skin Formation during Spin Coating of Complex Solutions Journal, 
3943, 280-284.
Hazelwood, S. (1998). Preventing Solvent Pop on an Industrial Paint lane. Products 
Finishing, 63, 74-76.
Henshaw, P. F., Prendi, L., & Mancina, T. (2006). A Model for the Dehydration of 
Waterborne Basecoat. Journal o f Coatings Technology Research, 3 (40), 285-294.
73
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Hwa, C. H. (1962). Mechanism of Film Formation from Latices: Phenomenon of 
Flocculation. Journal o f Polymer Science, 2(2), 785-796.
Imai, T., & Tsubouchi, K. (1980). Evaporation of Solvents from Waterborne Systems 
during Baking. Journal o f Coatings Technology, 52(666), 71-78.
Keddie, J. L., Meredith, P., Jones, R. A. L., & Donald, A. M. (1995). Kinetics of Film 
Formation in Acrylic Latices Studied with Multiple-Angle-of-Incidence Ellipsometry and 
Environmental SEM. Macromolecules, 28, 2673-2683.
Lin, F., & Meier, D. J. (1996). A Study of Latex Film Formation by Atomic Force 
Microscopy. 2. Film Formation vs. Rheological Properties: Theory and Experiment. 
Langmuir, 12(11), 2774-2780.
Lowell, J., Plumb, S., Sorge, M., & Winter, D. (1993). Hazardous Waste: The Auto 
Industry’s $500 Billion Mess? Ward's Auto World, 29(1), 34-37.
MINTAB (2006), “Statguide: Minitab release 14”. State College, Pennsylvania: Minitab 
Inc.
Montgomery, D. C. (2005). Design and analysis of experiments (6th Ed.). Hoboken, NJ: 
John Wiley & Sons.
Praschan, E. (1994). What the Clean Air Act Means to the Auto Industry. Automotive 
Body Painting Proceedings o f the International Body Engineering Conference, Warren, 
MI, IBEC. 78-81.
Prendi, L. (2005). Automotive Waterborne Basecoat- A Study of Dehydration and Paint 
Application Parameters in Relation to Solvent Pop. MA.Sc. Thesis, University of 
Windsor, Windsor, Ontario, Canada.
Schoff, C. K. (2004). Pops and Popping. Journal o f Coatings Technology, Coating 
Technology, 1(6), 68.
Sheetz, D. P. (1965). Formation of Films by Drying of Latex. Journal o f Applied Polymer 
Science, 9, 3759-3773.
Tardiff, J., Altematt, C., & Matschke, G. (2002). Accelerating Waterborne Flash-Off 
Tims. Industrial Paint & Powder, 78(3), 10-14.
Toussaint, A., & Wilde, M. D. (1997). Comprehensive Model of Sintering and 
Coalescence of Unpigmented Latexes. Progress in Organic Coatings, 30(3), 113-126.
Van der Zanden, A. J. J., & Goossens, E. L. J. (2003). The Measurement of the Diffusion 
Coefficient and the Sorption Isotherm of Water in Paint Films. Chemical Engineering 
Science, 58(8), 1521-1530.
74
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Vanderhoff, J. W., Bradford, E. B., & Carrington, W. K. (1973). The Transport of Water 
through Latex Films. Journal o f Polymer Science, 41, 155-174.
Vandezande, G. A., & Rudin, A. (1996). Film Formation of Vinyl Acrylic Latexes: 
Effects of Surfactant Type, Water and Latex Particle Size. Journal o f Coatings 
Technology, 65(860), 63-73.
Visschers, M., Laven, J., & Van Der Linde, R. (2001). Film Formation from Latex 
Dispersions. Journal o f Coatings Technology, 75(916), 49-55.
Watson, B. C., & Wicks, J. W. Jr. (1983). Popping of Water-Soluble Acrylic Coatings. 
Journal o f Coatings Technology, 55(698), 59-65.
Weiss, K. D. (1997). Paint and Coatings: A Mature Industry in Transition. Progress in 
Polymer Science, 22(2), 203-245.
Yang, Z. Z., Wang, L. J., Liu, Z. P., & Zhao, D. L. (2001). Film Formation of Mono- 
Dispersed Polystyrene Latex at High Temperature. Journal o f Applied Polymer Science, 
50(10), 1835-1840.
75
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Appendix-A: Viscosity Test results for Phase-1
Table A.l: Viscosity Test Results for Phase-1 Block-1
Sample: DCX ACRF PPG ARH Basecoat
Lot: Pressure Pot sampled on 12-Jul-2006 at 2:50 PM
Date of Test: 14-Jul-2006
Phase-1 Block-1Lab#: 125403
Viscosity: 80°F Using Ford Cup #4 (CLML10041) and
Brookfield DV -11+ Viscometer (CLML10064)
Viscosity as Received #4 Ford Cup Solids Concentration
Dry Cup = 26.8 seconds Tray (g) = 0.935
26.5 seconds Sample (g) 0.840
26.6 seconds Solids + Tray (g) = 1.201
26.6 seconds Solids (g) = 0.266
Average = 26.6 seconds Solids Concentration = 31.7%




3 100 229.0 22.9
4 200 175.0 17.5
Density
Full Density Cup (g) = 273.2
Empty Density Cup (g) = 167.7
Density = 10.57 lb/Imperial gallon
8.80 lb/US gallon
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Table A.2: Viscosity Test Results for Phase-1 Block-2
Sample: DCX ACRF PPG ARH Basecoat
Lot: Pressure Pot sampled on 21-Sep-2006 at 12:30 AM
Date of Test: 21-Sep-2006
Phase-1 Block-2Lab #: 125911
Viscosity: 80°F Using Ford Cup #4 (CLML10041) and
Brookfield DV -11+ Viscometer (CLML10064)
Viscosity as Received #4 Ford Cup Solids Concentration
Dry Cup = 39.1 seconds Tray (g) = 0.938
38.7 seconds Sample (g) 0.856
39.0 seconds Solids + Tray (g) = 1.218
38.9 seconds Solids (g) = 0.280
Average = 38.8 seconds Solids Concentration = 32.7%




3 100 346.0 34.6
4 200 241.0 24.1
Density
Full Density Cup (g) = 272.17
Empty Density Cup (g) = 167.73
Density = 10.47 lb/Imperial gallon
8.72 lb/US gallon
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Table A.3: Viscosity Test Results for Phase-1 Block-3
Sample: LX’X ACRF PPG ARH Basecoat
Lot: Pressure Pot sampled on 25-Sep-2006 at 12:30 PM
Date of Test: 26-Sep-2006
Phase-1 Block-3Lab #: 125943
Viscosity: 80°F Using Ford Cup #4 (CLML10041) and
Brookfield DV -11+ Viscometer (CLML10064)
Viscosity as Received #4 Ford Cup Solids Concentration
Dry Cup = 35.4 seconds Tray (g) = 0.933
35.1 seconds Sample (g) = 0.852
35.0 seconds Solids + Tray (g) = 1.211
35.1 seconds Solids (g) = 0.278
Average = 35.1 seconds Solids Concentration = 32.6%




3 100 311.0 31.1
4 200 223.0 22.3
Density
Full Density Cup (g) = 271.3
Empty Density Cup (g) = 167.7
Density 10.38 lb/Imperial gallon
8.64 lb/US gallon
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Table A.4: Viscosity Test Results for Phase-1 Block-4
Sample: DCX ACRF PPG ARH Basecoat
Lot: Pressure Pot sampled on 27-Sep-2006 at 2:30 AM
Date of Test: 27-Sep-2006
Phase-1 Block-4Lab #: 125945
Viscosity: 80°F Using Ford Cup #4 (CLML10041) and
Brookfield DV -11+ Viscometer (CLML10064)
Viscosity as Received #4 Ford Cup Solids Concentration
Dry Cup = 34.4 seconds Tray (g) = 0.940
34.2 seconds Sample (g) = 0.888
34.0 seconds Solids + Tray (g) = 1.224
33.9 seconds Solids (g) = 0.285
Average = 34.04 seconds Solids Concentration = 32.1%




3 100 331.0 33.1
4 200 224.0 22.4
Density
Full Density Cup (g) = 272.2
Empty Density Cup (g) = 167.7
Density 10.47 lb/Imperial gallon
8.72 lb/US gallon
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Appendix B: Transformation of Data (Preliminary Phase)
Transformation of Data
Data transformation is required if the distribution of data is not normal as some statistical 
procedures are based on the normality assumption. Non-normal data can be treated by 
either using non-parametric tests or by transforming the data to a suitable form. The 
power of the non-parametric test is less than that of parametric tests. Therefore, 
experimenters often use suitable data transformation so that they can complete the 
statistical analysis. Suitable data transformation can be performed either using the Box- 
Cox transformation method or using the Johnson transformation.
Box-Cox Transformation
In this method, an optimal power transformation is performed. The test statistic is known 
as lambda. An optimal lambda is calculated for the data, which allow experimenters to 
choose the suitable transformation. Although lambda can vary between -0.5 to +0.5, 
understandable transformations such as the square root transformation (0.5) or the natural 
log (0.0) are normally chosen in practical situations. The Box-Cox transformation is very 
easy to understand but is very limited and often fails to identify suitable transformations.
Individual Distribution Identification Method (Johnson Method)
The Johnson transformation uses different statistics than the Box-Cox transformation 
method. It has wide applicability and it has covered a wide variety of distributions. 
Usually it uses three Johnson functions to identify these distributions. The distribution 
with the lowest Anderson-Darling coefficient and the highest p-value is normally 
considered as the suitable transformation. The Johnson transformation is more powerful
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than the Box-Cox transformation. Therefore, it is usually suggested when the Box-Cox 
transformation failed to identify a suitable transformation.
For example, the distribution of Phase-3 response data was slightly deviated from 
the normal distribution. Both Box-Cox and Johnson transformation method were 
employed to identify suitable transformations. Results of the Box-Cox transformation 
suggested that square root of the response will be the suitable transformation, as the 
rounded lambda value for the transformation was 0.5. However, the Johnson 
transformation indicated that a lognormal distribution was better than a square root 
transformation as the Anderson-darling coefficient was lower and the p-value was higher 
for the lognormal distribution as opposed to the square root distribution. Hence, the 
lognormal distribution was chosen, as the Johnson transformation is more powerful than 
the Box-Cox transformation. Results of both analyses are shown in Figure B.l and Table 
B.l.
















Figure B .l: Box-Cox Transformation for Phase-3 Data
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Table B .l: Individual Distribution Identification Table, Phase-3
Distribution Anderson-Darling
coefficient
P-values LRT P values
Normal 0.546 0.115
Box-Cox Transformation 0.427 0.241
Lognormal 0.417 0.256
3-Parameter Lognormal 0.477 * 0.895
Exponential 0.926 0.123
2-Parameter Exponential 0.588 0.180 0.023
Weibull 0.463 0.231
3-Parameter Weibull 0.452 0.288 0.576
Smallest Extreme Value 0.697 0.056
Largest Extreme Value 0.488 0.207
Gamma 0.453 >0.250
3-Parameter Gamma 0.496 * 1.000
Logistic 0.564 0.091
Log logistic 0.437 0.224
3-Parameter Loglogistic 0.432 * 1.000
In Table A .l, the likelihood ratio test p-value (LRT p-value) is a measure to identify 
whether a two-parameter distribution would fit the data equally as well as compared to its 
three-parameter version. In addition, as many as fifteen distributions are shown in Table 
B.l. It is evident from Table A.l that the lognormal distribution has the optimal 
Anderson-Darling coefficient and p-value, although the Box-Cox transformation 
identified a square root transformation. The results of data transformation for other 
phases are shown in Table B.2.
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Table B.2: Data Transformation for All Phases
Phases Original Box-Cox Johnson
P-value <0.005 0.772 0.772
Preliminary AD Coefficient 1.992 0.235 0.235
Distribution Non-normal ISQRT ISQRT
P-value 0.459 0.529 0.585
Block-1 AD Coefficient 0.308 0.279 0.259
Distribution Non-normal SQRT Lognormal
P-value 0.123 0.802 0.802
Phase-1 Block-1 & Block-2 AD Coefficient 0.556 0.217 0.217
Distribution Non-normal ISQRT ISQRT
P-value 0.007 0.625 0.625
All Blocks AD Coefficient 1.068 0.278 0.278
Distribution Non-normal Lognormal Lognormal
P-value 0.027 0.707 0.707
Phase-2 AD Coefficient 0.777 0.235 0.235
Distribution Non-normal Lognormal Lognormal
P-value 0.115 0.241 0.256
Phase-3 AD Coefficient 0.546 0.427 0.417
Distribution Non-normal Lognormal Lognormal
Here,
AD = Anderson-Darling
ISQRT = Inverse Square Root; SQRT = Square Root
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Appendix- C: Results of GLM, Preliminary Phase















FR 2 328.0 328.0 164.1 353.0 <0.0005
TD 1 0.00 0.000 0.00 0.00 0.980
TS 4 1577.0 1577.0 394.0 848.0 <0.0005
FR*TD 2 1.423 1.423 0.711 1.53 0.274
FR*TS 8 21.4 21.43 2.68 5.76 0.012
TD*TS 4 2.30 2.30 0.576 1.24 0.368
Error 8 3.72 3.72 0.465
Total 29 1934.0
S = 0.68 R-square = 99.8% R-square (adjusted) = 99.31%
FR= Flow Rate; TD = Target Distance; TS = Tip speed
Table C.2: ANOVA for Inverse Square Root o f Film Thickness (Final Model)











FR 2 328.0 328.0 164.1 331.0 0.000
TS 4 1577.0 1577.0 394.0 794.0 0.000
FR*TS 8 21.4 21.43 2.68 5.40 0.003
Error 15 7.45 7.45 0.50
Total 29 1934.0
S = 0.7 R-square = 99.6% R-square (adjusted) = 99.26%
FR= Flow Rate; TD = Target Distance; TS = Tip speed
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Appendix D: Bartlett’s Test for Preliminary Phase
Bartlett’s test is a statistical procedure to test the equality of variances. Many statistical 
procedures assume that different samples may come from population with different 
means, but they have the same variances. Bartlett’s test is suitable for normally 
distributed data. As equality of variances could not be proved for the preliminary phase 
data using residual analysis, Bartlett’s test was performed to verify the equality of 
variances. The results of the test are shown in Figure D. 1. The null hypothesis for the test 
is that all the variances are equal. P-value for the analysis is 0.886 as can be seen from 
Figure D.l, which is higher than the level of significance. Thus, we failed to reject the 
null hypothesis that all variances are equal. Here, Bonferroni confidence intervals were 
considered so that overall confidence interval became 95%.



























95% Bonferroni Confidence Intervals for StDevs
Figure D .l: Equality o f Variance Test for Inverse SQRT of Film Thickness
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